UNCLASSIFIED 
AD  NUMBER 


AD491310 

CLASSIEICATION  CHANGES 

TO: 

UNCLASSIFIED 

EROM: 

SECRET 

LIMITATION  CHANGES 

TO: 

Approved  for  public  release;  distribution  is 
unlimited . 


FROM: 

Distribution  authorized  to  DoD  and  DoD 
contractors  only;  Administrative/Operational 
Use;  10  MAY  1960.  Other  requests  shall  be 
referred  to  Defense  Atomic  Support  Agency, 
Washington,  DC. 


_ AUTHORITY _ 

DNA  Itr  14  Sep  1995  ;  DNA  Itr  14  Sep  1995 


THIS  PAGE  IS  UNCLASSIFIED 


UNCLASSIFIED 


iD 


191310 


DEFENSE  DOCUMENTATION  CENTER 

FOR 

SCIENTIFIC  AND  TECHNICAL  INFORMATION 

CAMERON  STATION  AlEXANOrilA.  VIRGINIA 


UNCLASSIFIED 


NOTICF:  When  government  or  other  drawings,  sped- 
rications  or  other  data  are  used  for  any  purpose 
other  than  In  connection  with  a  definitely  related 
government  procurement  operation,  the  U.  S. 
Cksvezmnent  thereby  incurs  no  responsibility,  nor  any 
obligation  whatsoever;  and  the  fact  that  the  Govern¬ 
ment  may  have  fozmlated,  furnished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other 
data  is  not  to  be  regarded  by  Implication  or  other¬ 
wise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rl^ts 
or  permission  to  manufacture,  use  or  sell  any 
patented  invention  that  may  in  any  way  be  related 
thereto. 


WRDUND-ACCtLERATION,  STRESS,  and  STRAIN 
at  HIGH  INCIDENT  OVERPRESSURES  (U) 


luuaacc  Datt:  May  10,  19$0 


THIS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE 
COPY  FURNISHED  TO  DTIC 
CONTAINED  A  SIGNIFICANT 
NUMBER  OF  PAGES  WHICH  DO 
NOT  REPRODUCE  LEGIBLY. 


Inquiries  reUttve  to  this  report  may  be  made  to 

Chief,  Defense  Atomic  Support  Agency 
Washington  25,  D.  C. 


When  no  longer  required,  this  document  may  be 
destroyed  In  accordance  with  applicable  security 
regulations. 


DO  NOT  RETURN  THIS  DOCUMENT 


WT-i4a4_-^2|y 

OPERATION  PLUMBBOR— PR0JE»1.4  , 


/- 


■J 


9 

GROUND  ACCELERATION,  STRESS,  gg  STRAIN 
a!  HIGH  INCIDENT  OVERPT€SSURES^ 


/ 

•  L.M.  Swift, 
D. C,  Sachs 
F.M.  Sauez^^ 


Stanford  Research  InstM8» 
Menlo  Park,  CalifaEBt» 


liiiCUssiTe 


FOREWORD 


This  report  prceente  the  final  reaulU  ol  one  ol  the  46  projects  comprlslnc  the  military-effects 
program  of  Operation  Plumbbob,  which  Inchuded  24  test  detonations  at  the  Nevada  Test  Site  In 
1957. 

For  overall  Plumbbob  military-effects  information,  the  reader  is  referred  to  the  **Summary 
Report  of  the  Director,  OOD  Test  Group  (Programs  1-9),**  1TR-144S,  which  includes:  (1)  a 
descriptioo  of  each  detonation,  including  yield,  aero-poiat  location  and  environment,  type  of 
device,  ambient  atmo^iheric  conditions,  etc. ;  (2)  a  discussion  of  project  results;  (3)  a  summary 
of  the  objectives  and  results  of  each  project;  and  (4)  a  listing  of  project  repoi  ts  for  the  military- 
effects  program. 
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\. 

Project  1.4  objectives  were  to  measure  undcr(;round  effects  of  a  nuclear  air  burst  (Shot  Pris¬ 
cilla;  36.3  kt)  as  they  vary  with  time,  depth,  and  ground  ran^,  (nrticularly  In  the  reffion  of 
high  pressure;  furnish,  from  these  measurements,  input  data  to  other  projects;  and  analyze 
theft  measurements  with  results  of  other  tests.  At  750  and  1,050  feet  from  ground  zero, 
acceleration,  stress,  and  strain  measurements  were  made  at  several  depths  down  through  50 
feet,  Including  two  measurements  each  of  horizontal  acceleration  and  stress.  At  450,  550, 

650,  750,  850,  1,050,  and  1,350  feet,  vertical  acceleration  and  stress  were  measured  at  50- 
and  10-foot  depths.  |» 

Records  were  obtained  on  52  out  of  64  gage  channels  installed.  Lc>sses  were  caused  by 
mechanical  failure  of  one  oscillograph  and  by  miscellaneous  individual  channel  failures. 

Wave  fornu  of  acceleration  and  velocity  showed  no  ideal  or  classical  shape  but  could  be 
grouped  in  six  categories  according  tn  their  characteristics. 

(Xitrunning  occurred  at  the  grouraJ  surface  at  2,500-foot  ground  range  from  a  signal  origi¬ 
nating  at  1,900-foot  ground  range.  However,  outrunning  can  occur  at  closer  ranges  for  deep 
measurements,  and  refracted  signals  may  be  recordta  after  arrival  of  local  effects,  as  evi¬ 
denced  by  acceleration  measurements. 

Attenuation  of  maximum  downward  acceleration  at  5-  and  10-foct  depths  varied  between  30 
and  45  percent  except  at  550-  and  650-foot  ranges  where  it  was  negligible.  At  greater  depths, 
wave  theory  concerning  energy  transfer  at  an  interface  between  two  materials  was  borne  out. 
KorizontaU  (outward)  acceleration  at  10-  and  50-fnnt  depths  was  attenuated  less  with  depth  than 
was  the  corresponding  peak  downward  acceleration. 

Peak  downward  velocity  followed  an  exponential  deca^,  law  rather  than  a  power  law  decay 
characteristic  of  downward  acceleration.  At  275-psi  level,  horizontal  (outward)  velocity  showed 
somewhat  less  attenuation  with  depth  than  the  downward  component.  At  the  100-psi  level,  peak 
outward  velocity  at  tO-fool  depth  was  twice  that  at  10-fooC  depth,  owing  to  signals  from  sources 
closer  to  ground  zero. 

Attenuation  of  peak  displacement  corresponded  closely  to  attenuation  of  peak  velocity. 

Attenuation  of  maximum  vertical  stress  was  slight  between  the  surface  and  5-foot  depth,  and 
stress  decreased  by  half  lor  every  10-foot  increase  in  depth,  except  at  50-foot  depth  where  it 
increased.  Stress  measurements  on  this  project  were  not  considered  entirely  successful,  de¬ 
spite  extreme  caution  exercised  in  gage  placement  and  backfill  procedure. 

At  275-psi  overpressure,  peak  strain  decreased  abruptly  between  1-  ^nd  30-foot  depths, 
leveling  off  to  a  constant  value  at  greater  depths.  At  100-psi  ovcrpres»ure,  vertical  strain 
showed  almost  no  change  with  depth.  This  difference  between  the  two  stations  could  probably 
be  traced  to  the  longer  rise  time  of  the  overpressure  at  100  psi  than  at  275  psi. 

The  velocity-jump  peak  overpressure  ratio  increased  with  decreasing  pressure,  with  no 
apparent  systematic  variation  with  yield,  overpressure  level  or  wave  form,  or  test  area. 
Experimental  ratios  agreed  welt  with  the  theoretical  result.  Peak  vertical  displacement- 
overpressure  impulse  ratio  data  were  too  scattered  to  allow  firm  conclusions. 

From  displacement- 1  t*spanse  spectra,  the  change  in  the  character  of  the  response  appeared 
to  be  assoclate<t  with  the  irJ-trlercnce  ol  the  refracted  ground-transmitted  wave  and  net  with  the 
local  ground  wave.  Normalized  velocity  spectra  for  5-,  10-,  and  5Q-(oo(  depths  showed  similar 
maxima  although  the  frequency  at  which  this  maximum  occurred  decreases  with  increasing  depth. 

In  stress-strain  reijiions,  if  was  tcRlatlvely  concluded  that  lal’-oralory  trtvxiai  test*  were 
more  useful  in  correlation  sith  blast  resutls  than  were  lumiiaction  tests. 
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The  pUnnlng  and  execution  ol  Project  1.4  were  under  the  direction  of  L.  M.  Swift,  with  L.  H. 
Inman  serving  as  field  (tarty  chief  and  W.  M.  Wells  as  assistant  to  the  project  leader.  Other 
members  of  the  field  party  included  R.  C.  Aumillcr,  V.  E.  Krakow,  J.  Mlllcss,  R.  V.  Ohlcr, 

C.  M.  Westbrook,  and  H.  Wuner.  Miss  Barbara  Ames,  Miss  Phyllis  Flanders,  Mrs.  Elirabeth 
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analysis  and  preparation  of  the  report. 

The  excellent  planning  and  cooperation  of  Maj  H.T.  Bingham,  USAF,  Lt  Col  J.A.  Kodis, 
USAF,  and  LCOR  J.  F.  Clarke,  AFSWP(DASA)  Field  Command,  are  gratefully  acknowled^. 
The  assistance  and  cooperation  of  T.  B.  Goode  and  his  party,  of  Project  3.1,  in  the  control  of 
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Chapter  / 

INTRODUCTION 


1.1  OBJECTIVES 

The  objectivee  of  Project  1.4  were  to:  (1)  measure  underground  effects  of  a  nuclear  air  burst 
as  they  varied  with  time,  depth,  and  ground  range,  particularly  in  the  region  of  high  pressure; 

(2)  use  these  measurements  to  furnish  input  data  to  other  projects;  and  (3)  analyze  these  data  In 
combination  with  the  results  of  other  tests  to  establish  criteria  for  the  prediction  of  underground 
effects. 

The  quantities  measured  were  earth  acceleration,  earth  stress,  and  earth  strain. 

In  addition,  to  obtain  more  information  on  the  test  medium,  seismic  studies  were  performed 
at  Frenchman  Flat. 

1.2  BACKGROUND 

Underground  effects  of  a  nuclear  air  burst,  as  opposed  to  underground  effects  of  an  under¬ 
ground  burst,  have  not  been  extensively  investigated.  The  most  complete  full-scale  study  of 
these  effects  was  on  Operation  Upshot -Knothole  (Reference  1),  when  detailed  measurements  of 
earth  acceleration,  stress,  and  strain  were  made  at  one  depth  and  at  one  ground  range  on  two 
shots  and  when  measurements  of  earth  stress  were  made  at  three  depths  at  several  ground 
ranges  on  the  same  shots.  On  Operation  Tumbler  (Reference  2),  earth  acceleration  was  meas¬ 
ured  on  four  shots;  measurements  were  made  at  two  depths  on  one  shot  and  at  three  depths  at 
two  ground  ranges  on  all  femr  shots.  Only  one  of  these  shots  was  in  Frenchman  Flat;  the  other 
three  were  in  the  YUcca  Flat  Tt  area,  where  geological  conditions  were  considerably  different. 
All  these  measurements  were  made  at  pressure  levels  considerably  lower  than  the  regions  of 
present  Interest.  Small-scale  studies  of  similar  phenomena  conducted  by  Stanford  Research 
Institute  (HRD  on  Project  Mole  (Reference  3)  and  by  SRI  on  the  hlgh-eiqi>loslves  series  of  Opera¬ 
tion  Buster-Jangle  (Reference  4}  provided  little  useful  Information;  the  limited  frequency  re¬ 
sponse  of  the  instruments  used  resulted  la  under- registration  of  the  phenomena.  Therefore, 
extrapolation  of  these  small-scale  results  to  full-scale  effects  was  probably  not  useful. 

Rather  extensive  small-scale  and  full-scale  studies  of  underground  effects  of  underground 
high  eiq»losives  have  been  conducted,  but  the  transmission  and  loading  mechanisms  under  high- 
explosive  test  conditions  differed  so  markedly  from  those  of  the  conditions  of  this  project  that 
extension  of  ihcir  results  to  these  problems  was  difficult  U  not  impossible. 

Requirements  have  been  set  up  for  criteria  for  protective  construction  against  large  air  and 
surface  bursts  in  the  pressure  regions  of  100  psi  and  above.  Such  requirements  imply  that, 
wherever  possible,  underground  construction  must  be  used  for  maximum  protection.  It  is  be¬ 
lieved  that  most  of  the  loading  of  underground  structures  in  these  pressure  regions  from  such 
shuts  will  be  produced  by  the  air-blast  slap  on  the  surface  In  the  immediate  vicinity  of  the  struc¬ 
ture  (local  effects),  rather  th^n  by  energy  transmitted  through  the  ground  from  the  regions 
closer  to  ground  zero  (remoie  effretsi.  This  project  was  establish(*d  to  obtain  quantitaiive  data 
(Ml  undergroumi  plu'nomen.(  in  tl:c»f  regions  and  to  explore  these  phenomeiu  sufficivatly  to  per¬ 
mit  at  U*a»t  a  ti  nt.ili'.c  andteatlon  ol  iho  result*  to  >iinilar  effects  in  soils  other  than  ttvjsc 
eharactcrtktte  «>f  Frvtiehin.in  Flat.  Ib-eause  <4  limitation*  imposed  at  the  Nevada  Test  Site  (NTi). 
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U  was  not  possible  to  plan  a  lari;e  surface  shot;  therefore  these  studies  were  based  on  the  effects 
of  a  moderately  lari;c  (33  to  40  kt)  air  burst. 

A  complete  description  of  the  ground  motion  Induced  by  air  blast  from  a  hlgh-exi)loslve  or 
nuclear  detonation  requires  spatial  and  temporal  specification  cf  both  the  horizontal  radial 
(hereafter  referred  to  simply  as  the  horizontal  component)  and  vertical  components  of:  (1) 
particle  acceleration;  (2)  particle  velocity;  (3)  particle  displacement;  and  (4)  earth  strain. 
Theoretically,  only  one  of  these  need  be  presented  along  with  earth  stress  since  any  one  of  the 
first  three  may  Ix}  derived  from  the  other  by  differentiation  or  Integration  with  respect  to  time, 
and  strain  may  be  found  by  differentiation  of  displacement  with  distance  and  vice  versa.  To¬ 
gether  these  parameters  form  a  redundant  set  of  data  since  the  relationship  between  them  Is 
simply  one  of  geometry.  On  the  other  hand,  if  the  medium  exhibits  Inelastic  ix>havlor,  the 
relationship  of  stress  to  particle  velocity,  for  example,  requires  a  great  deal  more  knowledge 
than  is  now  available.  Furthermore,  If  the  medium  Is  strain- rate  sensitive  (as  soil  Is  suspected 
to  be)  or  possesses  vlsco-elastlc  properties,  then  stress  depends  not  only  on  the  Instantaneous 
values  of  strain  and/or  particle  vel<^lty  but  on  their  past  history  as  well. 

From  a  practical  standpoint,  specification  of  ground  motion  as  a  single  parameter  Is  seriously 
limited  by  iivt  small  number  and  low  density  of  observations  made  on  any  one  experiment  and  also 
by  the  inherent  complexity  of  soll-partlcle  motion  compared  with  that  of  air.  At  present,  ground 
motion  must  be  specified  as  positive  and  negative  peak  values,  time  durations,  and  representa¬ 
tive  pulse  shapes.  Hence,  salient  features  of  acceleration,  velocity,  displacement,  and  strain 
may  be  lost.  If  these  salient  features  are  required,  as  In  computation  of  response  spectrum 
(see  Chapter  4),  It  is  necessary  to  refer  to  the  original  records. 

In  seeking  a  valid  correlation  of  ground  motion  data  with  air  blast  Input  data,  answers  to 
several  fundamental  questions  .nre  required.  These  may  be  set  forth  as  follows; 

1.  What  relationships  are  to  be  expected  between  the  various  elements  of  ground  motion  and 
air-blast  input?  How  are  these  relationships  modified  by  soil  properties  and  by  variation  of 
soil  properties  with  depth? 

I.  Are  the  above  relationships  ejected  to  vary  with  yield  of  the  device,  ground  range, 
and/or  stress  level?  If  so,  are  these  variations  of  major  Importance? 

3.  For  a  particular  test  area,  i.e. ,  a  relatively  fixed  set  of  soil  properties,  are  data  from 
various  ejq^riments  Internally  consistent? 

4.  Do  systematic  differences  In  the  correlations  appear  when  data  from  one  test  area  are 
compared  with  those  from  another?  Are  these  differences  consistent  with  known  variations  of 
soil  properties? 

Obviously  the  answers  to  Items  1.  2,  and  3  depend  a  rrcat  deal  on  theoretical  knowledge  of 
the  problem  since  the  number  of  measurements  involved  are  not  sufficient  to  form  an  Independ¬ 
ent  empirical  evaluation  of  all  factors  involved. 

1.3  THEORY 

Adaption  of  historical  theories  of  the  prupagatlon  of  stress  through  soli  Is  limited  In  that 
either  (1)  flows  are  slow  under  applied  loads  or  stresses  (soil  statics),  or  (2)  stress  waves  are 
of  low  intensity  (exploration  and  earthquake  seismology).  The  present  need  Is  for  theories  and 
special  experiments  that  consider  stress  waves  of  high  Intensity  and  rapid  rates  of  loading. 

1.3.1  Models  lor  So*l  Reacting  to  Stress.  In  this  sectletn  are  reviewed  the  well-known  math¬ 
ematical  models  (Figure  1.1)  for  solids  which  are  subjected  to  stress,  and  the  limitations  and 
range  of  applicability  of  these  models  are  descriUd. 

Linear  Elasticity:  Statics.  For  the  study  of  small  strains,  linear  elasticity  may 
be  a  satisfactory  model  (Column  1  of  Figure  l.l).  In  this  model,  »oil  is  assumed  to  act  essen¬ 
tially  as  a  linear  sprini,  supporting  a  mass.  IWcause  ul  ihc  success  this  mtsii-l  in  studying 
complicated  problems  involving  steel,  it  has  rcceiv‘t>it  4  irem:  ‘nlaus  amount  of  .ti!<.  nlton. 

Tl»e  thi-ory  *4  elastieuy  wtth*)ul  lurlker  qualification  may  Ih*  um!«  rslotsi  to  mean  a  (heoiy 
lusi'd  on  the  assumption  that  there  is  a  unique  relaltw.’.sliip  Im  tween  stress  jn.i  strain;  more 
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c}q)llcitly,  tlwt  for  the  nuitcrial  under  cuimUierution,  each  cominmcnt  of  i»tre8H  can  Ik*  calcu* 
latod  »olcly  from  a  knowled|*o  of  the  local  strain.  This  assumption  is  believed  to  bo  false  for 
all  known  materials;  but  it  Is  a  useful  approximation.  In  actual  practice,  the  previous  history 
of  the  material,  the  rate  of  strain,  and  even  the  derivative  of  the  rate  of  strain  can  affect  tlw 
values  of  the  stress  at  each  point.  Spectacular  examples  of  dependence  on  these  quantities  are 


<tl  (I)  (SI  (41 


Figure  1.1  Typical  atreis  and  strain  diagrams  for  various 
models  of  soli  behavior  (sudden  stress). 


given  by  bouncing  putty,  bread  dough,  natural  rubber,  and  synthetic  plastics. 

The  complications  or  modifications  of  pure  (linear)  elastic  theory  which  must  be  considered 
can  be  separated  Into  two  classes  (Table  1.1).  The  first  class  Is  the  set  of  complications  In 
space,  e.  g. ,  vertical  anisotropy.  The  second  class  Is  the  set  of  complications  which  are  In¬ 
trinsic  In  every  cubic  millimeter  of  the  soil.  Certainly  the  two  types  of  complications  can  be 
combined:  viscosity  of  soil  can  change  with  depth,  etc. 

Nonlinear  Elasticity.  It  is  possildt*  to  Cvonedve  of  a  substance  In  which  the  Lame* 
constants,  or  (since  they  are  related)  In  which  Young's  modulus  and  Poisson's  ratio,  depend  on 
the  strain.  A  simple  example  of  such  a  substance  Is  a  spring  which  becomes  stiffer  in  compres¬ 
sion.  A  helical  spring  will  exhibit  this  claracteristic  when  It  closes  coil  to  coll. 

For  a  spring  which  becomes  stiller  with  irxreasing  strain,  the  nuthcmatical  model  is  that  of 
a  substanre  which  consists  ol  various  fibers,  some  of  which  offer  no  resistance  to  strain  until 
the  strain  reaches  a  finite  value.  A  curre»potvUng  motlcl  is  possible  for  a  spring  which  Ix'ComeA 
less  »tUt  with  increasing  strain.  These  models  can  even  be  combined  to  give  a  model  of  a  sub¬ 
stance.  (lie  stiffness  ol  whu  h  first  decreases  and  then  increases  with  increasing  :.tra(n.  For  ill 
(In  se  n;*>del.s.  (he  s‘:pih»sUi.>u  is  (hat  the  straUj  is  eoniplelely  recovere*!  wh.-ii  stress  is  relieve.!. 
Th«  se  n'i'sle!’.  ran  proli.iol..  Ik  u>«d  successfully  foi  cerlam  uialyso:  suKe  tliey  are  !«m  .simple 
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to  explain  certain  other  experimental  rcsultn,  they  seem  not  to  h;ivc  been  used  extensively  in  tli* 
literature. 

Plaatic  Ity .  By  nonlinear  behavior  is  meant  usually  a  medium  which  has  prn|H;rlles  diff¬ 
erent  even  from  those  of  the  paragraph  above.  If  a  solid  undergoes  permanent  deformation  or 
set  when  It  Is  strained,  it  Is  said  to  be  plastic  (clay,  for  example).  A  schematic  stress-strain 
relation  for  a  plastic  material  Is  that  of  Figure  1.2. 

This  diagram  Is  similar  in  some  respects  to  Figure  1.3  which  Is  a  stress  versus  strain  curve 
determined  from  dynamic  measurementi;  obtained  In  typical  silty  clay  soil. 

Zn  Figure  1.2,  the  material  Is  called  perfectly  plastic  If  AB  Is  a  horlzonUl  line  and  OA  and 
BC  are  parallel  straight  lines.  Such  a  material  behaves  as  a  linear  elastic  material  with  no  per- 

TADLE  l.l  REFINEMENTS  OF  LINEAR  ELASTIC  THKORY 
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manent  set  If  the  stress  remains  below  a  yield  value;  the  stress  can  never  exceed  this  yield 
value;  when  the  yield  value  Is  reached,  the  material  flows  plastically.  A  more  general  curve, 
such  as  that  of  Figure  1.2  would  be  obtained  by  postulating  a  model  with  several  fibers;  each 
fiber  Is  perfectly  plastic,  but  the  fibers  have  different  yield  values. 

Viscosity.  Itis  convenient  to  study  Ihe  propagation  of  waves  in  a  plastic  substance  by 
assumli^  that  a  certain  amount  of  strain  energy  is  dissipated  at  the  wave  front,  (hie  possible 
mode  of  dlssipatUMi,  which  seems  {diysically  reasonable.  Is  that  the  rate  of  loss  of  energy  de- 
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Figure  1.2  Schentatic  stress-strain  relation 
for  a  plastic  material. 

pends  on  particle  velocity;  this  is  viscous  friction.  The  mechanical  analog  for  this  mode  is  that 
of  a  spring  and  dashpot  in  parallel  (see  Column  2  of  Figure  1.1).  For  this  models  the  attenuation 
per  cycle  Is  a  function  of  the  frequency. 

Visco-Elasticity.  If  stress  is  applied  to  a  sample  of  soil  rapidly  and  then  suddenly 
removed,  Ihe  graph  of  strain  against  time  is  like  that  in  Column  3  of  Figure  1.1.  A  plausible 
model  is  that  at  the  top  of  the  column.  The  upper  spring  and  dashpoi  allow  for  prrmanint  Sf  t 
and  rapid  relief  of  stress;  the  spring  and  dashpot  in  parallel  allow  for  gradual  relief  of  Ihe  re¬ 
maining  poriloe  of  sttrss.  Indeed,  any  number  of  parallel  spring -dashpot  units  (Voigt  units) 
can  be  connected  In  series  to  .make  a  still  more  complicated  mooel.  The  model  in  question  can 
be  thought  of  as  a  system  of  three  Voigt  units  in  series.  The  dasltpol  cun»Utit  in  the  first  unit 
is  zero:  it  is  effectively  a  spring  alone.  Th»*  spring  constant  in  the  sdcomi  is  xerot  ii  is 
efft-ciiveSy  a  dashp«)l  alone.  In  Ihc  third  unil.  Ihe  spring  cunslant  .uul  ihe  lUHliiMtt  runstani  are 
both  different  from  xero. 
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Solid  Friction.  In  a  solid  friction  modul,  (Column  4,  Fli^rv  1.1)  dissipation  of  oucrgy 
U  assumed  to  depend  on  particle  displacement  Init  not  on  particle  velocity.  Tlie  attenuation  per 
cycle  Is  thus  Independent  of  the  frequency.  Certain  lalioratory  experiments  of  Born  (Rofoicnce 
5)  on  ovcn*drlod  rocks  support  this  model.  For  wcl  rocks,  Born  shows  that  viscous  as  well  as 
solid  friction  damping  Is  present.  This  result  will  probably  be  true  for  clay  soil  as  well.  In 
the  model  for  solid  friction  used  by  Born,  the  damping  force  is  taken  to  be  proportional  to  dis¬ 
placement  from  the  neutral  position.  This  Is  not  staled  by  him,  but  can  be  Inferred  from  the 
formulas  which  he  uses.  This  kind  of  damping  Is  also  termed  structural  damping. 

Other  Mathematical  Models.  Besides  the  possibility,  already  alluded  to,  of  us  big 
more  than  three  Voigt  units  in  scries,  the  above  schemes  are  not  the  only  ones  that  have  to  be 
considered  In  making  mechanical  models  of  the  behavior  of  soil.  Unfortunately  soil  Is  not  Iso¬ 
tropic.  The  most  common  variation  In  properties  which  It  Is  necessary  to  take  Into  account  Is 
horizontal  layering.  For  example,  there  c.in  be  horizontal  layers.  In  which  seismic  velocities 
are  widely  different.  It  is  frequently  true  also  that  In  any  one  stratum  the  horizontal  velocity 
Is  not  the  same  as  the  vertical  velocity. 

The  propagation  of  waves  in  a  layered  medium  Is  a  special  topic.  Some  wave  paths  which 
enter  the  medium  can  be  refracted  and  returned  to  the  surface.  Even  the  most  straightforward 
problems  in  wave  propagation  In  a  layered  (linear)  elastic  medium  are  difficult. 

Table  1.2  gives  practical  limitations  of  some  of  the  theories  which  are  discussed  here.  The 
table  shows  two  things:  (1)  no  single,  simple  model  will  explain  all  the  phenomena  observed 
when  shock  waves  pass  through  soil;  and  (2)  the  model  to  use  In  studying  particular  types  of 


Figure  1.3  Actual  record  of  stress  versus 
strain  In  typical  silty  clay. 

problems  must  be  a  compromise  between  the  failtJutness  with  which  one  wants  to  portray  all 
elements  of  soil  behavior  and  the  economics  of  producing  many  numerical  solutions.  This  is  to 
say  that  the  least  complicated  mudr-l  which  will  give  reasonably  good  agreement  with  experimen¬ 
tal  hicl^  la  the  model  to  use.  However,  some  rudimentary  numerical  solutions  will  always  be 
neci‘>s.iry  U-fore  one  can  ch«o>e  the  simplest  and  yi!  the  moM  appropriate  model  (or  given 
prt>iiie:n. 
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1.3.2  Homcncneoua  Elaatlc  St)Ud.  Within  the  framework  of  present  theoreticai  knowledge, 
several  postututed  relationships  derived  from  analysis  of  a  homogeneous  clastic  solid  can  lie  set 
down  (Etcfcrcnco  6). 

The  assumptions  under  which  this  analysis  was  derived  are  as  follows.  First,  the  plan  radius 
of  curvature  cf  the  .'ilr-blast  wave  in  large  compared  with  the  depth  under  investigation  so  that  in¬ 
duced  ground  motion  may  bo  regarded  as  two-dimensional.  Second,  it  is  assumed  that  the  air- 
TAOLK  1.2  PliKNOMKNA  KXPUINKU  IIY  VAKKHJS  MODKLS  OF  SOIL  OKIIAVIOII 


Muilsl 

Dissipation 
of  Energy 

Permanunt 

Set 

lieturn  o( 
Wave  Paths 
to  Surface 

Dispersion  of 
Surface  Waves 

LlfKir  Elastic  (Itfotropic  medium) 

No 

No 

No 

No 

Nonlinear  Elastic 
(Isctroplc  medium) 

No 

No 

Yes* 

Yes* 

Clastic  with  Vertical  Anisotropy 
(Including  discttniinuous  layers) 

No 

No 

Yes 

Yes 

Solid  (structural)  Friction 

Yes 

No 

No 

No 

Viscosity 

Yes 

No 

No 

No 

Visco-eUslic 

Yes 

Yes 

No 

No 

*  ThsM  sntrist  imply  poMsibls  sxplan^tUon  of  the  phciwmena,  especieily  in  connection 
with  wevee  of  high  etrees. 


blast  wave  o(  Invariant  magnitude  is  moving  at  a  constant  velocity,  U,  and  that  sufficient  time 
has  elapsed  so  that  a  steady  ground  disturbance  pattern  appears  to  an  observer  fixed  in  the  coor¬ 
dinates  of  the  moving  blast  wave. 

An  elastic  solid  exhibits  two  wave  speeds:  one  corresponding  to  the  propagation  of  waves  of 
dilatation  (or  compression)  the  seismic  L  (longitudinal)  wave  velocity,  and  another  corre¬ 
sponding  to  propagation  of  components  of  rotation,  Cg,  the  seismic  S  (transverse,  shear)  wave 
velocity.  Three  distinct  theoretical  cases  are  present  In  the  above  situation, 

1.  U  <  Cg  <  C^,  the  aubseiamic  case. 

2.  Cg  <  U  <  the  transseismic  case. 

3.  Cg  <  C|^  <  U,  the  superselsmlc  case. 

The  theory  in  Cases  1  and  2  says  that  the  ground  motion  outruns  the  sir-blast  wave;  the  earth 
moves  downward  and  away  from  ground  aero.  Although  ground  motion  outrunning  Is  observed  in 
the  field,  the  initial  motion  of  the  earth  la  generally  upward  and  away  from  ground  aero.  Thia 
motion  is  the  result  of  refraction  of  the  wave  front  due  to  the  vertical  gradient  of  seismic  veloc¬ 
ity.  The  overpressure  at  which  outrunning  occurs  dep«mds  on  the  device  yield  and  the  seismic 
velocity  gradient  (Section  1.3.3).  for  the  yields  and  seismic  velocity  gradients  at  the  NTS  (French¬ 
man  Flat),  this  overpressure  Is  approximately  10  psl. 

At  higher  overpressures,  the  blast-wave  velocity  Is  large  enough  so  that  it  moves  superseis- 
mically  (Case  3)  and  the  ground  motion  lags  progressively  behind  that  at  the  surface  as  in  Figure 
1.4.  At  the  surface,  the  vertical  ground  motion  and  the  blast  wave  are  related  simply,  via.. 
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Where  Ay,  Uy,  and  Dy  arc  the  vertical  particle  acceleration,  vertical  particle  velocity,  and 
vertical  particle  displacement;  p  U  the  soil  density;  P  Is  overpressure;  and  t  Is  time.  The 
(unction,  4  (derived  from  results  in  Reference  6).  Is  shown  In  Flipiro  1.5  and  Is  nearly  unity 
for  U/Cl,  >  1.5.  At  small  depths,  one  would  expect  the  peak  negative  displacement  to  bo  pro- 
portlonal  to  the  positive  overpressure  Impulse  and  the  peak  negative  velocity  to  be  proportional 
to  the  peak  overpressure.  P|y|.  (The  usual  convention  Is  preserved;  positive  motion  Is  upward 
and  outward  [away  from  ground  xero|  and  negative  motion  Is  downward  and  Inward  [toward  ground 
aero).)  The  peak  acceleration  depends  on  the  overpressure  wave  form  and  (or  an  Ideal  shock 
wave  would  be  InflnUe.  In  reality,  all  shocks  have  a  finite  rise  time,  t,.,  so  that 


Ay  •  — pr—  • 

pCl  tr 


If  one  postulates  that  all  nonprecursor  shocks  have  approximately  the  same  rise  time,  then 
one  might  expect  the  accileratlon  to  be  also  proportional  to  the  peak  overpressure. 

These  simple  statements  form  the  basis  of  correlation  of  near*surfaec  ground  motion.  At* 
tenuatlon  of  ground  motlan  with  depth  must  at  present  be  treated  empirically. 

1.3.3  Effects  from  Remote  Sources.  When  the  propagation  velocity  of  the  air  blast  Is  larger 
than  the  comprcsslonal  (U  wave  velocity  of  the  ground,  signals  will  not  be  observed  underground 
prior  to  arrival  of  the  wave  front  (Figure  1.4).  In  a  homogeneous  medium,  the  wave  front  wlU 
be  bent  upward  at  Increased  depths  (Cirve  a,  Figure  1.4);  however.  If  the  seismic  velocity  In* 
creases  with  depth,  the  wave  front  will  tend  to  be  bent  downward  (Curve  b.  Figure  1.4). 

As  the  alr*bUst  velocity  decreases  with  distance  from  ground  aero,  the  Information  given 
the  earth  will  eventually  arrive  prior  to  arrival  of  the  direct  slgnaL  This  may  happen  either 


Figure  1.4  Schematic  diagram  of  superseUmte  wavi»  from. 

when  a  near*surface  seismic  velocity  Is  greater  than  the  alr*blast  velocity  or  by  ground  trans* 
misslun  a  curved  path  which  dlpe  Into  the  higher  velocity,  lower  earth  strata,  l.e.,  by 
seismic  refraction.  The  former  curresp*Mid»  to  the  transseUmte  case  (Case  3),  and  the  Initial 
signal  is  down  and  outward  as  in  the  Mipcr»«*i»mlc  case.  The  onset  of  acceleration  is,  however, 
more  gradual.  The  latter  U  disiituptlshed  by  an  upward  and  outward  first  signal  and  Is  by  far 
the  predominant  type  of  outrunning  observed  at  both  the  NTS  and  the  RPC. 

The  oulru.nning  •Ignal  arriving  at  a  gage  by  refraction  Is  generally  called  the  air*tnduccd, 
:round*iranjim»*tcd  wave,  or,  simply,  llv  remote  Hfrcl.  The  aignat  arrIvUtg  by  the  direct 
path  a«  ihc  air  btaai  passes  over  the  gage  i»  called  the  air'indwred.  direct  wave.  or.  simply, 
the  lor..!  ft  is  a  mianomer  to  only  Ih.-  laiier  as  llw*  air<bU*t*imlueed  W4\e 
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since  both  ciusses  of  motion  are  air-blast  Induced,  with  the  only  difference  belni;  the  tM)liit  of 
origin  and  the  transmission  path.  (Since  the  alr-lnducctl  remote  effect  Is  due  to  an  extended 
•ourcCi  It  should  not  be  confused  with  the  directly- Induced  ground  motion  resulting  from  an 
underground  detonation.) 

Outrunning  of  the  ground  wave  has  considerable  Importance  In  that  the  character  cf  the  ground 
motion  changes  when  this  occurs.  If  a  seismic  refraction  survey  has  b<*en  made  of  the  area,  the 


Figure  l.S  ♦  versus  U/C|^  and  Poisson's  ratio. 


technique  of  constructing  the  ground  motion  arrival  time  distance  Is  simple  (Figure  1.6). 

to  the  lower  portion  of  Figure  1.6  is  shown  the  measured  refraction  survey  of  Frenchman 
FUt  made  during  1657.  The  concave  portion  of  the  refraction  arrival  time  curve  Is  due  to  the 
Increase  of  seismic  velocity  with  depth.  The  air-blast  arrival  curve  Is  first  constructed.  At 
each  point  along  this  curve  a  signal  Is  generated  which  travels  outward  at  the  rate  prescribed 


0  toe  490  eee  tee  loee  'toe  i4ee  itoe  ttee  teee 


••ovite  etetc  -  ti 

Figure  1.6  Construction  of  ground  motion  arrival 
time  curves.  Tumbler  Shot  I,  5-foot  depth. 

by  the  refraction  arrival  curve,  e.  g. .  the  signal  from  ground  aero.  From  the  envelope  formed 
hy  s(q>er imposing  the  arrival  time  curves  for  all  signals  generated  by  the  air  blast,  the  earliest 
arrivals  are  >elected.  This  curve  then  deflnct  the  ground  range  at  which  outrunning  occurs, 
e.  g.,  920  feet  in  Figure  1.6. 

The  measured  air-blast  and  ground  motion  arrivals  at  S-fooi  depth  for  OtH-ratton  Tumbler 
Shot  1  (flcferenco  2l  are  »hown  in  Figure  1.6.  Deforr  tHttru.’ining.  the  ground  Rtutio-n  Uge  the 
air  bUit  ftllghtly  since  tfu*  air  l»laM  i»  impt  rselsmjc.  After  uuttunnin^,  th*-  jifound  moliutt  pre- 
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codcit  the  Ctilcululed  valueti  by  u  ttmull  amount  as  the  refracted  wave  travels  upward  to  the  sur¬ 
face.  The  differences  are  not  Imiwrtant  at  3-foot  depth;  howcveri  at  much  urcatcr  depths  they 
will  be  significant.  The  8,300-ft/sec  propagation  velocity  Is  the  result  of  refraction  from  the 
basement  rock.  The  1957  refraction  survey  did  not  extend  sufficiently  to  pick  up  these  arrivals. 

From  seismic  velocities  associated  with  strata  of  known  thlckncssi  the  refraction  curve  may 
be  reconstructed.  Detalis  of  this  procedure  may  be  found  In  any  text  on  geological  exploration. 

As  the  device  yield  Increases,  the  near-surface  seismic  velocity  becomes  less  important  In 
the  calculation  ol  outrunning.  The  seismic  veiocitics  at  depth  play  the  dominant  role,  and  hence 
the  overpressure  at  which  outrunning  would  be  expected  to  occur  will  generally  increase  as  de¬ 
vice  yield  increases.  For  surface  bursts  over  shailow  weathered  layers  or  for  large  yield  de¬ 
vices  detonated  over  deep  weathered  layers,  the  approximate  values  of  Table  1.3  apply.  This 
Indication  of  early  outrunning  for  the  most  common  materials  focuses  more  than  casual  attention 
to  the  behavior  of  the  ground-transmitted  wave. 

i.4  SEISMIC  MEASUREMENTS 

The  clastic  properties  of  a  soil  are  related  to  and  may  be  determined  from  an  accurate  knowl¬ 
edge  of  the  seismic  veiocitics.  The  mabi  clastic  waves  which  are  of  interest  bi  this  program 

TAtILK  t.a  APPttOXIMATK  OVHRPIIKSMJRLS  AT  WiiiCIi  OUT  it  U. S' NT. NC  OF 
GltOUNO  UAVK  (xrcuits,  SUKKACK  BURSTS 


Formation 

Overpreskare 

Frtrmatlon 

Overpressure 

psi 

pst 

Alluvium 

<40 

Shale 

ssu  to  a.svu 

Gravel,  dry 

to  to  too 

Limestone 

> l.SOO 

Gravel,  wet 

40  to  SOO 

Meumorphte 

>1,000 

gandy  Clay 

SsfMlsUMM 

too  to  son 

SOO  to  a,ooo 

Granite 

>3,000 

are  longitudinal  or  compresslonal  waves  (L)  and  transverse  or  shear  waves  (S).  Other  seismic 
waves  that  may  or  may  not  be  of  interest  sre  the  Rayleigh  and  Love  waves. 

The  compresslonal  wave  (L)  is  character by  an  in-line  particle  motion  with  paMlcle  dis¬ 
placement  parallel  to  the  direction  of  pntpugation.  Of  thtr  elastic  waves,  the  compresslonal 
wave  has  the  highest  velocity. 

The  shear  wave  (S)  is  also  linear,  but  the  direction  of  particle  motion  is  perpendicular  to  the 
direction  of  propagation.  The  shear  wave,  because  of  its  property  of  polarisation,  can  be  fur¬ 
ther  subdivided  into  S}|  and  Sg  type  depending  on  whether  the  displacement  is  horlsonlal  or  ver¬ 
tical,  both  waves  traveling  with  the  same  velocity  but  lower  than  the  L  wave  velocity. 

The  Rayleigh  wave  (R)  is  a  surface  wave  which  is  a  combined  compresslonal  and  shear  wave 
with  a  plane  of  oscillation  at  right  angles  to  the  surface  and  parallel  to  the  direction  of  propaga¬ 
tion.  Rs  velocity  Is  dependent  on  frequency  and  is  dispersive.  Shear* wave  velocity  for  shallow 
depths  may  be  estimated  from  these  Mtrface-wave  velocities.  An  approximate  relation  between 
Cg  and  Cp  is: 


Cp  (0.17  *  O.f  tf)Cg 

The  clastic  properties  of  a  solid  may  be  ch'scribed  by  two  elastic  combanls.  Three  .d  these 
constants  are  the  bulk  modulus  (k),  the  modulus  of  rigidity  (u),  and  Foisson's  ratio  (^).  The 
bulk  modulus  (k)  is  defimnl  as  the  ratio  between  applied  pressure  and  fractional  change  in  volume 
for  a  uniform  hydrostalic  compression.  The  rigidity  moilutus  fu)  is  defined  as  the  ratio  between 
shear  stre»ji  aiul  sts-ar  :»train.  ratio  .Irfined  as  llie  ratio  between  lateral  contraction 

and  l««»g»l'a«t»rtaf  est«'nsit>«  c4  a  ^>li.l  sith  fat.  r  »l  surfai  U  is  related  to  <k)  atuj  (u]  by 
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(Equation  1.1) 


The  compreuelonal  and  ahcar-wavc  vclnrlttctf  C|^  and  0$*  meatMircd  by  aeUmlc  mclhodit,  arc 


Flfurt  1.7  SeUmlc  velocity  rilloe  veraus  FolMon'i  rHlo. 


C. 

r  B  (j  -  *»  1 

l^p  (1  •  tf)  -  lei  J 

(Equation  1.1) 

Pul*'*  Pb 

/  l  \1 

'•  ■  W  • 

(rnrT^J 

(Equalbui  1.3) 

uikrre  P  U  the  deniily  aiul  R  li  YoiMiC*s  onatubwi.  InecrIlnR  CqoalloM  1.7  and  1.3  In  Equation  1.1 

.  .  ldLl£aL£< 

Kor  (luljs,  tt  *  0.  Cjj  V  4t.l  *  . 
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TAIILK  UA  HATIO  Foil  si.)MK  MATKIUAtJl 


A  filtil  uf  •#  wrMia  C‘«(/C|^  uml  C||/L'|^  In  In  Kltfurv  1*9* 


Urawl 

O.^T 

Uefervmru  7 

LwitM,  »lry 

«♦.« 

llcferem’c  7 

tUv«?r  Uc|iu«lt« 

0.<«A 

Heferem  v  7 

Clay,  tlry 

0.4T 

Uefervm-e  R 

Clay,  wilt 

0.311 

Kefurence  0 

Unwatone 

o.;;» 

Hefvrcncv  7 

Granite 

0.33 

He  fc  fence  7 

gamUlune 

o.i-i 

Heferent'v  7 

For  lAComprcnnlbtc  matcrUU.  k  bccomcn  large  and  a  •  »  For  eUidlc  ftolidn, 

<  d  <  Vi .  Valucn  of  o  for  some  common  materlaU  arc  nhown  in  Table  1.4. 
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Chapter  2 

PROCEDURE 


Project  1.4  participated  on  Shot  Priscilla  of  Operation  Plumbbob.  Many  other  projects  partici¬ 
pated  on  this  shot,  including  Project  1.3,  which  provided  input  data  for  this  project;  and  Project 
1.5,  which  made  measurements  similar  to  this  project.  There  were  also  a  number  of  structural 
projects  for  which  Project  1.4  was  designed  to  provide  frec-ficld  input  data. 

2.1  PREDICTIONS 

In  planning  an  experiment  of  this  type,  it  is  necessary  to  predict  the  values  of  the  functions 
to  be  measured  to  an  accuracy  sufficient  to  allow  the  sensitivity  of  each  channel  of  instrumen¬ 
tation  to  be  set  closely  enough  that  satisfactory  deflection  may  be  obtained.  For  best  results 
these  values  should  be  within  a  factor  of  two  of  the  true  values.  A  greater  range  is  acceptable 
on  channels  where  dual- sensitivity  galvanometers  are  used.  Predictions  are  also  important  in 
the  selection  of  gage  ratings  to  ensure  that  gages  are  not  over-ranged,  thereby  introducing  non- 
linearities.  This  section  (2.1)  is  presented  as  written  before  the  test;  it  has  not  been  modified 
in  the  light  of  the  actual  data  obtained. 

Directly  applicable  data,  taken  in  the  Frenchman  Flat  area  on  underground  effects  of  above¬ 
ground  shots,  are  limited  to  those  from  Tumbler  Shot  1  (Reference  2),  and  Upshot- Knothole 
Shots  9  (Reference  1)  and  10  (Reference  9).  The  majority  of  these  data  were  taken  from  shock 
waves  at  relatively  low  pressure  levels,  except  some  from  Upshot- Knothole  Shot  10  at  levels 
up  to  100  psi  with  precursor  wave  forms.  Reference  10  gives  some  seismic  velocities  in  the 
Frenchman  Flat  area. 

2.1.1  Input  Predictions.  Subsurface  phenomena  are  assumed  to  bo  a  result  of  the  overpres¬ 
sure  appearing  at  the  surface  in  the  immediate  vicinity  of  the  station.  Table  2.1  shows  some  of 
the  predicted  parameters  of  Interest  obtained  from  analyses  carried  out  on  the  basis  of  previous 
data  (Reference  11). 

2.1.2  Earth  Stress.  In  general,  vertical  earth  stress  may  be  assumed  to  be  the  same  as  the 
applied  pressure.  There  will  be  a  small  change  in  the  slope  of  the  front  with  depth.  At  Stations 
1,  2,  and  3,  the  sharp  decay  of  overpressure  behind  the  front  may  eat  away  the  peak  slightly, 
with  an  estimated  decrease  of  25  percent,  which  is  insignificant  for  range-setting  purposes. 
Horizontal  earth  stress  is  assumed  to  one  fifth  the  vertical.  This  is  consistent  with  some  of  the 
previou#  experimental  experience  and  with  probable  values  of  Poisson's  ratio. 

2.1.3  Seismic  Velocity.  Seismic  velocity  is  not  important  per  se,  but  it  is  important  in  pre¬ 
diction  of  strain  and  acceleration.  If  one  assumes  that  p  ^  100  pci  and  that  o  «  0.25.then  with 
peak  stress  equal  to  peak  surface  overpressure  P,  Pm  (psi),  V^ax  * 

part  of  the  wave),  or  -  55.6  Pm/V„|jjj»  '*^*'®*‘*  ^max peak  particle  velocity  at  the 
ground  surface. 

Data  f’*om  Turnt.^  r. Snapper  Shot  I  and  Up^h^t- Knothole  Shot  9  In  the  Frenchman  Flat  area 
give  average  value  of  uf  *^30  fl/sec  at  I -foot  depth,  1,220  ft/  sec  at  5-foot  depth,  and  2,460 
ft.' sec  at  50-foot  depth.  These  values  for  ut  the  llu'ee  depths  of  measurement  covered  by  the 
data  are  represented  best  by  an  exponential  form  of  empirical  equation: 

Cl  750  y*-”  ( Kqu.» lion  2.1  i 
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Where  y  denotes  the  vertical  dimension. 

Reference  10  gives  the  following  seismic  velocities  In  the  Frenchman  Flat  area: 


Depth,  ft 

Velocity, 

Oto  10 

1,200 

10  to  175 

2,600 

175  to  650 

3,600 

Below  650 

10,000 

While  these  values  match  well  the  average  Cl  results  at  5  and  50  feet,  they  show  no  differ¬ 
ence  between  1  and  5  feet.  This  Is  unrealistic;  particularly  since  the  abrupt  velocity  change  at 
10  feet  Is  not  consistent  with  the  profile  of  soil  observed  In  excavations. 

It  must  be  observed  that  these  data  were  derived  from  a  refraction  survey,  where  the  prl- 
TADLE  2.1  SHOT  PRISCILLA  INPUT  PREDICTIONS 


Suction 

Ground 

Range 

Arrival 

Time 

Horizontal 

Velocity 

Wave 

Form 

Pi 

Pj 

Ti 

T, 

ft 

msec 

ft/sec 

psi 

psi 

psi 

msec 

msec 

1 

450 

00 

6,400 

0 

750 

750 

— 

0 

— 

2 

550 

117 

5,000 

0 

600 

600 

— 

0 

— 

3 

650 

137 

6,700 

0 

450 

450 

— 

0 

— 

4 

750 

152 

6,100 

1 

320 

280 

40 

5 

7.5 

S 

850 

167 

5,600 

1 

200 

no 

120 

5 

12.5 

6 

1,050 

205 

4,800 

1 

100 

CO 

70 

5 

20 

7 

1,350 

275 

3,000 

1 

50 

30 

40 

5 

20 

marj  data  were  arrival  time  versus  ground  range  from  small  shots.  When  these  primary  data 
art  reconstructed  from  the  reported  conclusions,  they  fit  well  an  empirical  exponential  equation, 

tjj  *  0.0015  X  (Equation  2.2) 

Where  x  denotes  the  horixontal  dimension.  According  to  Blondeau*s  derivation  (Reference  12), 
this  would  correspond  to  a  vertical  variation  of  velocity, 

Cl  •  1,160  y*  >  (Equation  2.3) 

There  is  a  considerable  difference  between  Equations  2.1  and  2.3,  but  the  best  compromise, 
which  does  serious  violence  to  neither,  appears  to  be: 

Cl  1,000  y*  ”  (Equation  2.4) 

2.1.4  Earth  Strain.  With  the  same  assumptions  used  for  calculations  of  Cl»  it  may  be  shown 
that  vertical  strain,  S,  may  be  expressed  as: 

S  *  35*6  Ph,|/Cl*  *  5.6  a  10”*  Pjy|  y  "•  *  (Equation  2.5) 

2.1.5  Earth  Acceleration.  Data  from  Operations  Tumbler- Snapper  and  Upshot- Knothole  of 
the  average  values  of  Pj^.  A  (ratio  peak  overpressure  in  psi  to  peak  vertical  acceleration  in 
g-unlts)  fit  well  the  exponential  equation, 

A  1.64  y”*  •*  (Equation  2.6) 

This  IS  for  input  at  proaure  K-vids  between  10  and  25  p>i.  If  the  riae  lim**  were 
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constant,  A  bo  expected  to  vary  Inversely  as  the  seismic  velocity,  Le. ,  In  the  same  way 

'^max* 

From  Equations  2.1  and  2.S, 

V„.,x  0.056  Pm  y'"-”  (Equation  2.7) 

From  normal  mechanics,  If  one  assumes  the  rise  of  velocity  to  resemble  a  half  cosine-wave, 

A  =  0.0975  V„.ix/Tr  (Equation  2.8) 

From  Equations  2.6,  2.7  and  2.8,  then 

Tr  =  0.0033  y  ®  «  (Equation  2.9) 

In  other  words,  the  steeper  slope  of  acceleration  with  depth  Is  explained  by  the  increase  of 
Tr  with  depth.  Since  Tr  is  the  dui'atlon  of  the  rise  of  particle  velocity,  V,  It  should  also  be 
the  duration  of  the  first  acceleration  pulse.  Data  on  Tr  yield  avera(;e  values  of  3.25,  7.5,  and 
30  msec  at  1,  5,  and  50  feet,  respectively,  corresponding  to  the  e)q[)onentiai  Tr  >  0.00325 
a  negligible  difference  from  Equation  2.9. 

Equation  2.6  can  be  used  to  predict  peak  accelerations  at  Stations  1,  2,  and  3.  At  subsequent 
stations,  however,  Tr  Is  affected  by  the  finite  rise  time  of  the  input-pressure  wave.  In  the  case 
of  a  precursor-type  wave  form,  the  rise  time  of  the  Input  wave  can  be  quite  long.  If  one  can  add 
geometrically,  the  Influence  of  depth  and  input  pressure  upon  rise  time,  (Tr  >  ^Ty*  ♦  Tp*),  then 
one  may  calculate  Tr  for  each  depth  and  calculate  A  from  Equations  2.4  and  2.5. 

Amax  ’  0.00542  Pm  (Equation  2.10) 

Horizontal  accelerations  are  arbitrarily  taken  as  one  third  the  vertical.  Although  experience 
to  date  indicates  a  considerable  scatter  in  this  ratio,  It  appears  to  be  always  less  than  one. 

2.2  INSTRUMENTATION 

2.2.1  Central  Station.  All  central- station  channels  of  instrumentation  used  on  Project  1.4 
were  essentially  Identical  to  those  used  on  a  number  of  previous  projects,  Including  Operation 
Teapot  Project  1.10  (Reference  13).  Wlancko  3-kc  oscillatorr  supplied  carrier  power  to  the 
transducers  themselves  and  to  modified  Wlancko  demodulators.  The  demodulated  signal  was 
applied  to  William  J.  Miller  Corporation  oscillograph  recorders.  Provisions  were  Included 
for  applying  automatically  a  synthetic  calibrating  signal  to  each  chanm^l  immediately  prior  to 
aero  time  to  compare  the  final  deflection  on  the  record  with  the  deflection  produced  by  the  same 
signal  at  the  time  of  calibration.  An  accurate  timing  signal  of  100  cps  and  1,000  cps  was  also 
applied  to  all  recorders  simultaneously  from  a  single  source  having  a  time  accuracy  of  better 
than  10  parts  per  million.  This  provided  means  lor  time  correlation  of  records  to  a  high  degree 
of  accuracy.  Since  the  same  central  station  equipment  was  used  for  Projects  1.3,  1.7,  and  3.5, 
this  time  correlation  could  be  extended  to  Include  data  obtained  on  Project  1.4. 

The  prime  power  supply  for  all  Instruments  during  the  shot  was  a  bunk  of  storage  batteries. 
Suitable  converters  were  used  to  produce  115-volts  ac  for  components  requiring  this  power 
source.  An  t:  dividual  converter  was  used  for  each  rectifier  power  supply,  thus  minimising 
the  possibility  of  gross  failure  due  to  converter  failure. 

On  this  project,  62  gage  channels  were  connected.  Of  these.  22  were  connected  to  dual- 
recording  systems,  consisting  of  one  galvanometer  on  each  of  two  recorders.  These  dual 
channels  were  assigned  to  those  gsges  which  were  considered  to  be  most  important  to  minimise 
loss  of  important  data  due  to  any  rccuriler  failure.  On  6  of  these  22  clunncls.  one  of  the  gal- 
v..noiiati‘rs  used  iiad  a  natural  frequency  of  200  cps.  aisf  the  remainder  had  a  natural  fr«*quoncy 
of  300  cps.  The  channels  incon>orating  one  200-cpa  galvanometer  were  us«-'J  on  gages  wh»Tf 
uncertainly  of  llu*  predicted  peak  was  greatest  and  where  the  e«|>«H'led  signal  waa  si.eh  as  not  to 
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be  de|{radc(l  appreciably  by  the  reduced  re8|K)n8c  of  the  lower  frequency  galvanometer*  Since 
there  was  an  appreciable  difference  In  the  seiisltlvlty  of  the  galvanometers  thus  used  on  a  single 
channel^  a  wider  range  of  Input  signal  could  be  accommodated  without  loss  of  data  (provided  both 
recorders  operated  properly). 

Instruments  were  powered  at  suitable  times  before  zero  time  by  Edgerton,  Gormeshausen, 
and  Grier  (EGlStG)  relay  circuits,  with  lock*ln  relays  controlled  by  a  time-delay  relay  to  continue 
operation  for  approximately  1  minute  after  zero  time,  even  though  EG&G  relays  dropped  out 
sooner.  Utmost  attention  was  paid  to  circuitry  and  procedures  to  insure  maximum  reliability 
of  operation.  Dual- relay  contacts  or  dual  relays  were  used  wherever  feasible. 

A  multlpcn  recorder  was  connected  to  provide  a  record  of  time  and  sequence  of  operation  of 
various  elements  so  that  any  failure  which  might  occur  could  be  traced  to  Its  source  In  a  posttest 
study. 

The  recording  shelter  was  burled  to  a  depth  sufficient  to  reduce  the  integrated  radiation  dosage 
within  the  shelter  to  below  10  r  to  avoid  radiation  fogging  of  the  recording  paper. 

2.2.2  Stress  Gages.  The  basic  earth-stress  gage  used  In  these  tests  was  a  modification  of 
that  originally  designed  by  R.  W.  Carlson  for  the  measurement  of  static  stress  In  foundations 
and  grades.  The  gage  consisted  of  two  flat  circular  plates  with  thin  flexible  edges  attached  at 
the  edges  so  as  to  be  separated  by  a  narrow  space  filled  with  oil.  A  pressure  gage  was  arranged 
to  measure  the  pressure  In  this  oil  as  a  measure  of  the  actual  component  of  the  stress  In  the  me¬ 
dium  In  which  the  gage  was  buried. 

Two  variations  of  this  gage  were  used.  For  the  low  pressures,  a  Wlancko  variable- reluctance 
pressure  gage  covered  by  a  housing  was  used  In  an  identical  construction  to  those  used  on  pre¬ 
vious  projects  (Reference  3).  For  pressures  above  300  psl,  a  special  diaphragm-type  transducer, 
manufactured  by  Ultradync  Engineering  Cumpany,  was  used  In  place  of  the  Wlancko  transducer 
(Figure  2.1)  This  variable -reluctance  transducer  was  electrically  similar  to  the  Wlancko,  but 
was  mechanically  smaller  In  size  so  that  the  projecting  housing  was  smaller. 

2.2.3  Strain  Gages.  The  earth- strain  gages  used  were  of  a  new  type  designed  for  the  purpose 
and  shown  In  schematic  form  In  Figure  2.2.  The  gage  Is  shown  unassembled  in  Figure  2.3  and  is 
shown  Installed  In  Figure  2.4.  Fundamentally,  the  gage  consisted  of  a  linear  differential  trans¬ 
former,  which  measured  the  change  In  spacing  between  two  anchors,  separated  by  2  or  3  feet, 
set  into  the  side  of  a  large  hole  before  the  hole  was  backfilled.  One  of  these  anchors  supported 
the  body  of  the  transformer  enclosed  in  a  protective  housing,  and  the  other  carried  a  light  tubu¬ 
lar  rod,  at  the  far  end  of  which  was  attached  the  movable  core  of  the  transformer.  The  position 
of  this  core  could  be  adjusted  after  installation.  For  calibration,  the  adjusting  nuts  could  be  used 
as  a  micrometer  by  turning  them  one  full  turn  it  a  time.  The  linear  dlfferentUl  transformer  was 
connected  through  a  transformer  to  the  normal  Wlancko  half-bridge  circuit  by  the  standard  three- 
conductor  cable. 

2.2.4  Accelerometers.  Accelerometers  used  were  the  sUndard  Wlancko  varUble- reluctance 
accelerometers  used  on  previous  tests  (Reference  2).  They  were  enclosed  In  protective  canis¬ 
ters  of  two  types:  one  type  carried  a  single  vertical  accelerometer;  the  other  was  used  where 
horizontal  as  well  as  vertical  measurements  were  desired  and  carried  two  mutually  perpendicular 
accelerometers. 

2.2.5  Instrument  Response.  The  Wlancko  gage  and  its  associated  recording  system  was 
basically  flat  down  to  steady- state  conditions,  due  to  Its  design  as  a  carrier-demodulator  system. 
No  corrections  were  required  ihc^reforc  for  its  low-frequency  response.  The  high-frequency 
response  was  limited  either  by  the  characteristics  of  the  galvanometers  used  or  by  the  dynamic 
characteristics  of  the  transducers.  The  (nominal)  300-cps  galvanometers  had  an  undamped 
natural  frequency  of  315  lu  340  cps  aiul  were  damped  to  have  an  overshoot  of  approximately  7*  j 

pt  rcent.  This  corres|HKuled  to  a  damplni;  factor  of  approximately  0.65  critical  and  provitU^  .1 
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Ftirurc  2.3  Schematic,  earth  strain  gatfc. 
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nominal  rise  time  of  1.3  msec.  The  nominal  200-cps  ijulvunometers  had  a  correspondingly 
longer  rise  time  of  approximately  1.8  msec. 

The  accelerometers  varied  widely  In  sensitivity  und  maximum  rani;e  and  consequently  In  un¬ 
damped  natural  frequency.  In  p;eneral,  those  used  at  hli;h-pressure  stations  and  near  the  surface 
were  low-sensltlvlty,  hliili-ran^te  Instruments  with  a  hlt'.h  natural  frequency;  and  those  used  .it 
low-pressure  stations,  particularly  at  {greater  depths,  were  more  sensitive  Instruments  with 
lower  natural  frequencies.  Where  the  hlgh-rangc  Instruments  wore  used,  the  overall  frequency 
response  was  limited  by  the  galvanometer  response.  Where  the  low-range  Instruments  were 
used,  the  limiting  frequency  response  was  generally  that  of  the  accelerometer. 

The  frequency- response  characteristics  of  the  Carlson  stress  gages  were  difficult  to  deter¬ 


mine  Implicitly  since  they  were  affected  significantly  by  loading  of  the  earth  on  the  gages; 
however,  the  basic  gage  was  known  to  have  a  response  similar  to  that  of  the  pressure  gage  alone. 
It  is  believed  that  the  overall  response  was  limited  by  that  of  the  galvanometers.  Similarly,  the 
response  time  of  the  earth-strain  gages  was  difficult  to  ascertain  exactly,  but  measurements 
Indicated  (hat  for  the  short  span  used  the  responne  lime  was  far  shorter  than  the  rise  times  In¬ 
dicated  on  the  final  records;  therefore,  no  distortion  from  this  cause  was  attributed  to  the  gages. 

2.2.6  Calibration.  Each  gage  was  calibrated  In  the  field  after  It  had  been  connected  to  Us 
associated  cable  and  recording  equipment  and  Immediately  prior  to  Us  fbul  Installation  In  the 
earth.  Carlson  stress  gages  were  calibrated  by  the  application  of  direct  air  pressure.  Accel¬ 
erometers  were  calibrated  by  the  use  of  a  spin  table  which  produced  accelerations  up  to  about 
200  g.  Wtiore  higher  accelerations  titan  200  g  were  aiuicipated,  gages  wore  calibrated  to  that 
figure  In  tht*  (iold,  ami  this  calibration  was  extrapolated  oit  the  basis  of  linearity  checks  made 
previously  In  the  lalwraiory.  Earth- strain  gages  were  calibrateil  by  the  introduction  of  dirccily- 
mcasured  dellecilons  on  the  guges  in  place. 

bt  llw  c.ilJltralion  prictdurc  licveral  deflections  ranging  from  /.ero  to  well  al>ove  ihv  expected 
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peak  (where  poiibibie)  were  applied  to  each  liage  In  Hcqucnce.  Each  galvanometer  deflection  was 
noted  and  recorded.  In  addition,  the  deflection  caused  by  an  artificial  siyinal  (cal  signal)  Injected 
Into  the  gage  circuit  was  recorded.  From  the  former  deflection,  a  calibration  curve  of  deflec¬ 
tion  versus  peak  reading  could  be  constructed.  The  cal  signal  served  to  correct  for  any  changes 
of  sensitivity  of  the  recording  system  between  callbratiun  and  the  final  test  since  an  Identical 
signal  was  Injected  on  the  final  record  about  10  seconds  t}eforc  zero  time. 

2.3  EXPERIMENT  PLAN 

2.3.1  Cage  Placement.  Gages  were  located  at  several  depths  In  two  sizes  of  holes.  At  five 
stations,  the  holes  were  30  Inches  In  diameter  by  10  feet  deep,  and  at  two  other  stations  the 
holes  were  5  feet  In  diameter  by  50  feet  deep.  Stress  gages  and  accelerometers  were  placed 

In  small  excavations  In  the  sides  of  the  holes,  and  backfill  material  was  carefully  tamped  around 
the  gages  by  hand  to  ensure  proper  contact  with  the  formation  before  the  general  backfilling  pro¬ 
ceeded.  Strain-gage  anchors  were  cemented  Into  the  walls  of  the  large  holes  to  make  good  con¬ 
tact  with  the  undisturbed  formation  and  to  minimize  the  effect  of  the  difference  between  charac¬ 
teristics  of  the  backfill  and  of  the  original  formation.  In  addition,  every  effort  was  made  In 
backfilling  to  return  the  material  as  nearly  as  possible  to  Its  original  condition. 

The  specifications  for  preparation  of  backfill  material  and  for  tamping  procedures  were  set 
up  by  Project  3.8  (Reference  14)  on  the  Ijasis  of  laboratory  tests  conducted  at  Waterways  Exper- 
Iment  Station  (WES)  on  samples  of  material  from  the  area.  These  specifications  were  directed 
toward  restoring  the  dynamic  modulus  rather  than  the  density  and  required  careful  control  of 
the  water  content  at  slightly  below  Proctor  optimum,  with  somewhat  greater  than  normal  tamp¬ 
ing  effort.  Oirlng  backfilling,  control  of  procedure  was  assisted  by  the  frequent  sampling  and 
analysis  of  the  backfill  in  the  field  by  Project  3.8.  Samples  for  record  were  also  taken  by  that 
project  and  are  reported  in  Reference  14. 

2.3.2  Gage  Coding.  For  identification  of  channels  and  recorded  traces  with  their  proper 
pges,  a  systematic  coding  was  adopted.  A  station  number  was  assigned  to  each  gage  station; 
these  numbers  were  used  as  a  first  part  of  the  gage  code.  The  second  part  of  the  gage  code 
was  a  letter  Indicating  the  type  of  measurement.  For  this  project  V  was  used  for  vertical 
acceleration,  H  (or  horizontal  acceleration,  CV  for  vertical  stress,  CH  for  horizontal  stress, 
and  8V  for  vertical  strain.  A  third  part  of  the  code  indicated  the  depth  of  the  gage  (in  feet) 
below  the  surface. 

Typical  gage  code  numbers  would  then  be  3V5  for  Station  3  vertical  acceleration  at  5-foot 
depth;  4CV30  (or  Station  4  vertical  stress  at  30-foot  depth,  etc. 

2.3.3  Gage  Layout.  The  gage  layout  (Figure  2.5  and  Table  2.2)  was  selected  to  provide  the 
maximum  of  basic  data  on  phenomenology  and  at  the  same  time  to  provide  maximum  coordination 
with  other  projects.  Stations  4  and  6  were  placed  at  ground  ranges  where  predicted  peaks  of  ap¬ 
plied  pressure  of  approximately  300  and  100  psi,  respectively,  were  expected.  At  these  loca¬ 
tions,  measurements  were  made  of  acceleration,  stress,  and  strain,  at  a  number  of  depths  down 
to  50  feet.  Including  two  measurements  each  of  horizontal  acceleration  and  horizontal  stress. 

The  remaining  stations  were  chosen  to  correspond  to  aboveground  stations  of  Project  1.3  and  to 
cover  a  wide  range  of  Input  pressure  levels.  At  these  stations,  measurements  were  made  of 
vertical  acceleration  and  stress  at  depths  of  5  and  10  feet  only. 

2.3.4  Seismic  Measurements.  U  was  considered  desirable  to  obtain  data  on  seismic  propa¬ 
gation  velocities  and  their  variatUin  with  ifepth,  particularly  in  the  first  100  feet,  to  assist  in 
interpretalion  of  final  data  from  this  project.  To  oiHain  the!<ie  seismic  data,  a  program  was 
conducted  in  the  area  during  the  preparatiuiui  pluse  of  o|H>ratinns  prior  to  the  shot.  Ft:.'urc  2.G 
shows  the  location  nf  situt  h«jles  and  lines  usett  in  this  work.  Shot  Points  1  ami  2  weri*  200-fOi>t 
holes.  or;gituny  drilled  dry.  Uit  llmxlrd  lM*f«)re  use  (S<‘Clion  2.4).  Shot  l^dni  3  was  a  simitar 
lOO'tuiil  hole  drilleiJ  later  to  t  h«-rk  ih»*  i  i>>ult.^  from  Ih**  lirsl  two.  In  tin  nc  holo.  snull  i  haru‘  s 
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wol-o  Hfl  Off  at  varlouM  dcpllw  li.  the  holes*,  uikI  Kcuphones  wore  placed  near  the  top  of  the  hole 
aiwl  at  50  aiul  100  feet  from  the  hole  to  measure  the  arrival  times  to  determine  vertical  coinpres 
shmal  wave  velocities. 

SiHit  Point  4  was  a  lO-foot  hole  used  In  an  exiwrlmenlal  pro^jram  In  an  effort  to  mi-asure 
slwar  wave  velocities.  Shot  Points  IR,  2R.  and  3n  were  also  lO-foot  holes  used  for  a  refrac- 
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Figure  3.5  Cage  layout. 


tlon  profile  to  determine  horUontal  velocities.  In  making  the  refraction  profile,  the  geophone 
spread  was  left  In  one  position  and  the  shot  point  moved  progiesslvcly  out  to  a  final  offset  of 
900  feet  from  the  end  of  the  spread. 

Results  of  these  measurements  are  reported  In  Chapter  3. 


2.4  riEU>  OPERATIONS 

Field  operations  on  this  project  were  concurrent  with  those  lor  Projects  1.3,  3.5,  and  the 
Instrumentation  for  Project  1.7  and  were  performed  by  the  same  personnel.  A  common  recoi * 
Ing  shelter  was  used,  and  the  data  vlannels  were  intermingled.  In  most  cases,  common  cable 
trenches  were  used. 

At  the  time  the  field  crew  arrlvtnl  at  the  NTS,  the  only  construction  requirements  completed 
lor  this  project  were  the  drilling  of  the  50-foot  holes  for  gages  and  of  two  :00-fool  holes  for 
:»clsmlc  measurements.  The  former  were  protected  by  local  dikes  from  a  subsequent  general 
flood,  but  the  latter  were  covered  with  water  for  several  days. 

The  recording  shelter  was  ready  for  ocvupancy  10  ilays  alter  the  crew  arrived  at  the  lest 
site,  and  equipment  was  promjRly  in^^talled.  Cable -trenching  opt  ralion*  sere  delayed  so  that, 
(o  meet  sch'.Hlules,  d  wa»  neces.'iary  !•»  Marl  planting  and  baeklUling  of  uislerground  gages. 
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Mobt  or  llieMO  BaKiJM  were  Ihcrcforo  calibruloU  wUh  cabIcM  only  partly  In  place  and  without  the 
full  complement  of  cablca  and  Kaifcs  connected. 

It  la  not  certain  whether  thla  procedure  hau  any  effc*ct  on  the  accuracy  of  callbratlona,  but 
It  waa  certainly  not  optimum.  Calibration  and  planting  of  gagcH  and  iMckfllllng  of  holctf  waa 
completed  about  8  wceka  after  project  perHonnel  arrived  in  tht*  field. 

Seiumlc  measurements  were  made  as  opportunities  arose.  The  two  deep  shot  holes  (200  feet) 


SeiSMOMETCR 


Figure  2.8  Seismic  locations. 

were  shot  after  they  had  been  flooded  for  several  days.  To  check  the  possibility  that  the  results 
were  affected  by  water  Intrusion,  another  100-foot  hole  was  drilled  by  Project  3.8  and  was  shot 
Later.  Additional  seismic  shooting  was  done  on  a  noninterference  basis. 

The  records  were  recovered  from  the  shelter  on  the  afternoon  of  D-day.  The  recovery  opera¬ 
tion  required  five  persons  to  be  in  about  a  300-mr  hr  radiation  field  for  approximately  20  minutes. 
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Chopttr  3 
RESULTS 


3.1  INSTRUMENTATION  PERFORMANCE 

Of  the  64  gage  channels  Installed  on  this  project*  52  gave  usable  records*  although  (our 
records  were  Incomplete  due  to  cable  breaks  during  the  active  period  of  recording.  Of  the  four 
cables  broken*  three  were  associated  with  the  gages  at  one  station  (Station  5*  8S0«(oot  ground 
range).  The  only  apparent  explanation  for  this  behavior  was  that  the  finger  cable  trenches  off 
the  main  8-foot  deep  trench  were  too  shallow  at  this  station  (or  adequate  protection  of  the  gage 
cables. 

Of  the  52  usable  gage  records*  one  record  (6CV20)  showed  a  peculiar  wave  form  indicative 
of  gage  ovef  load;  although  Its  value  was  limited*  some  information  may  be  obtained  from  this 
record. 

Of  the  12  channels  producing  no  record*  six  were  lost  due  to  failure  of  one  oscillograph  to 
pull  recording  paper  throughout  (he  run.  This  camera  ran  for  about  10  seconds  after  turn-on 
(until  minus  5  seconds)  before  the  recording  paper  tore  and  Jammed.  The  other  six  failures 
were  apparently  due  to  breaks  in  the  cables  or  faulty  cable-plug  connections.  Some  of  thfse 
difficulties  were  detected  before  the  shot,  but  too  late  to  repair;  some  were  apparently  caused 
by  strains  or  Jarring  Introduced  during  the  backfilling  operations.  It  appears  that  the  strain- 
gage  design  used  on  this  project  was  particularly  susceptible  to  electrical  shorts  and/or  cable  - 
continuity  difficulties.  Much  of  this  might  be  eliminated  by  an  Improved  cable-connection  system. 

There  was  no  definite  evidence  of  record  disturbance  caused  by  the  electromagnetic  transient 
at  aero  time.  All  traces  remained  within  the  boundaries  of  the  recording  paper.  Some  gages* 
particularly  the  stress  and  intermediate  depths*  produced  small  deflections  which  reduced  the 
accuracy  of  the  data  obtained. 

No  evidence  of  radiation  fogging  was  observed  on  any  of  the  recordings  obtained  on  this  project. 

The  data  obtained  for  Project  1.7  wss  transmitted  to  the  appropriate  agency  for  analysis. 

3.2  DATA  REDUCTION  PROCEDURES 

3.2.1  General.  After  each  gage  record  was  identified  on  the  oacUlograms*  they  were  read 
(inches  cWUection  of  record  versus  time)  with  an  electromechanical  reader*  Benson-Lehner 
**Oscar*'  Model  J.  The  reader  output  was  fed  into  an  IBM  card  punch*  which  produced  the  data 
cards.  These  deflection  versus  lime  data  cards,  along  with  appropriate  calibration  cards*  were 
processed  by  an  IBM  Model  650  electronic  conqwter.  The  final  reduced  data  came  out  in  the 
form  of  parameter  (e.  g. .  acceleration)  versus  time  listings  corresponding  to  each  gage  record. 
These  listings  were  then  plotted  to  give  data  upon  which  this  report  is  based. 

3.2.2  Integration  Procedures,  h  was  drsirabie  (or  the  earth  acceleration  versus  time  rec- 
or^s  to  successivery  integrate  the  results  to  obtain,  first,  the  particle  velocity  versus  time, 
and  second,  the  particle  displacement  versus  time.  It  becomes  apparent  after  only  a  few  at¬ 
tempts  at  this  integration  process  that  there  Is  a  good  lieal  of  Judgment  involved  in  obtaining  a 
meaningful  re»ult.  The  main  problems  and  their  solutions  are  discussed  fully  In  Appendix  C  of 
this  report. 

Suffice  it  to  say  ttat  the  inlt‘t;rali*<n  pr<K‘e<lure  involved  lite  fotlowins:  ti)»ctatit>ns: 

l.  td  Iht*  ax-rcail  act  vtcialion-lim**  record  to  obtain  as-rrad  vrlordy-time. 
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2.  Adjuiitmvnt  of  tho  aa-rcad  veloclty-tlme  liahidinc  to  oUatii  zero  velocity  at  an  appropriate 
time;  called  corrected  velocity-time. 

3.  Adjustment  of  the  acceleration' time  lutNidine  lo  be  coiusl.Htent  with  the  velocity-time  ad¬ 
justment  cited  In  Item  2  almve. 

1.  Integration  of  the  adjusted  velocity-time  record  to  obtain  the  dbplacement-tlmr  trace, 
called  corrected  displacement-time. 

As  explained  In  Appendix  C»  the  corrections  as  applied  usually  tuve  little  effect  upon  tho  as- 
read  acceleration,  more  on  the  as-read  velocity,  and  most  upon  tlu*  displacement. 

The  results  of  tlic  Project  1.4  experiment  will  be  presented  In  terms  of  the  corrected  values 
only;  however,  the  figures  and  tables  will  Indicate  the  magnitude  of  the  corrections  (Table  3.1). 


3.3  GAGE  RECORDS  AND  TABLES  OF  RESULTS 


Figures  3.1  through  3.24  present  the  significant  portions  of  the  replotted  gage  records  ob¬ 
tained  on  this  project.  Figure  3.1  presents  the  overpressure-time  records  obtained  on  Project 
1.3  and  represents  the  input  air  pressure  at  the  ground  surface  on  this  shot.  The  remaining 

TAULi:  .1.1  SU.\I.MA»Y  OK  PKAK  .*ii:ilKACK  «)VK«PHKSSLUK.  SHOT  PUISCILLA 


CB.  cable  breaV. 


Cage 

CrcHintl 

Range 

Arrival  Mxximuni  Preeur»nr  .M;uiifnum 

Time  Pres»uie  Time  Pi-v»»ui'v  Time 

Postlive 

Duration 

Positive 

Phase 

Impulse 

Wave 

Form 

ft 

nee 

p»t 

sc-c 

sec 

sec 

psi-sec 

IB 

450 

0.10.1 

None 

None 

SSI.2 

O.IOS 

CB 

0 

3B 

sso 

O.llS 

30.2 

0.1  It 

3SS.0 

0.12S 

CB 

— 

1 

SB 

iSO 

0.131 

31.4 

0.134 

342.3 

0.14C 

O.ltS 

12.2 

1 

4fi 

TSO 

0.14S 

2S.0 

0.150 

221.7 

0.175 

0.200 

10.1 

1 

SB 

SSO 

0.1S3 

2S.S 

O.IM 

220.S 

0.201 

0.237 

11.2 

1 

SB 

I.OSO 

0.201 

20.  S 

0.223 

104.0 

0.275 

0.325 

5.2 

1 

7B 

1,350 

0.3SS* 

12.0* 

0.300* 

SS.l* 

0.354* 

0.753* 

S.S2* 

1 

«  (Project  l.S)  tiats. 


figures  present  acceleration-time,  velocity-time,  displacement -time,  stress-time,  and  strain- 
time  data  In  that  order.  Included  In  these  figures  are  the  limes  of  arrival;  designation  of  peak 
values;  and  where  applicable,  the  air-pressure  arrival  (AD)  at  the  ground  surface  over  the  gage. 

All  the  records  are  plotted  to  the  same  lime  scale;  however,  lo  obuln  the  best  compromise 
between  economy  of  space  and  faithful  reproduction  of  Ihe  details  of  the  records.  It  was  neces- 
sary  to  group  the  records  and  use  several  different  ordliate  scales. 


3.3.1  Overpressure.  The  pertinent  overpressure-time  records  Iron  Project  1.3  are  pre- 
sented  in  Figure  i.i,  and  the  data  are  listed  In  Table  3.1.  Referring  to  the  pressure-time  plots, 
It  Is  apparent  that,  although  a  definite  precursor  wave  formed  on  the  Shot  Priscilla  main  blast- 
line,  the  ground  level  overpressure  at  Station  1  (450-foot  range)  was  characterised  by  a  clean 
(Type  0;  see  Appendix  A)  wave  form.  However,  the  longer  than  normal  rise  time  of  about  5 
msec  gave  some  evidence  of  thermal  disturbance  at  this  station.  The  record  at  Station  2  (SSO- 
foot  range),  although  incomplete  due  to  a  cable  break,  showed  that  the  precursor  wave  fornted 
bctwee.n  the  4S0-  and  550-foo(  range.  Subve^oent  pressure  records  documented  the  development 
of  Ihe  ptecursor  wave  In  detail.  One  of  the  most  kignlficanl  characlei  i»tlcs  of  this  set  of  rec¬ 
ords  With  respect  lo  grtMtnd  motion  was  that  the  ri»e  time  to  peak  pre»»ure  associateti  with  the 
ntuln  puUe  increased  with  increasing  ground  lanw*'  •‘od  dectrasing  peak  pressure.  Also  as  the 
dl»lam‘e  from  ground  »ero  increastnl,  the  prr.  ur»**r  w4\«-  fr.ml  !*-•!  the  «*atn  shrrek  I7  longer 
and  longer  times. 

3.3.3  Earth  An  »  »  3.2  iUt  a..!-.  3.o  p:  the-  r*  plait*  d  recuj  l»  of  earth 

aee*  teratHMi  1.4.  b«  >e  !jgur<  Ihc  air-M.**!  arrival  ?i;ne  at  *  a.  h 
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Pifur#  Sttrftci*  overpressure  versus  lime,  Stsiions  I  lo  7,  Shol  Prlscills. 


M 
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K^Curo  3.2  Vortical  decoloration  wr»u»  timo,  Sutlon  1  (Clt:  4S0  (cot); 
SUtioA  2  (CR:  550  (cot);  SUUon  3  (Clt:  650  (cot);  Shot  Priscilla. 
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Figure  3.5  Vertical  acceleration  versus  time,  Station  6  (GR:  1,050  feet) 
Shot  Priscilla. 
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htution  Is  clcsi(;natcd  by  the  vertical  line  lalx'lled  AB  on  each  plot,  and  the  arrival  time,  time  of 
peak,  and  ptnik  acceleration  are  Indicated.  In  addition,  the  ma(*nltudc  of  the  baseline  correction 
applied  to  each  accclcrailon-tlme  record  Is  indicated  by  a  dashed  line  which  designates  the  l>ase- 
llne  before  correction. 

The  vertical  acceleration  versus  time  curves  are  mainly  cluiracterized  by  a  single  sharp  peak 
of  acceleration  In  the  downward  direction,  often  preceded  by  minor  disturbances.  It  Is  obvious 
that  the,  latter  are  produced  by  the  precursor  and  the  former  by  the  larger  main  peak  of  air  blast. 
The  duration  of  the  main  sharp  peak  Increased  with  ground  range  because  of  Increased  rise  time 


u 

u 


Figure  3.6  Horizontal  acceleration  versus  time,  Station  6  (GR:  1,050  feet);  vertical 
acceleration  versus  time,  Station  7  (CR:  1,350  feet);  Shot  Priscilla. 

of  the  input  wave;  it  increasc*d  with  depth,  because  of  modification  of  the  wave  with  travel  through 
the  earth.  At  the  deeper  gages,  particularly  at  Station  6,  the  wave  form  became  more  cuiiiplcx, 
without  entirely  losing  these  characteristics.  The  horizontal  acctlerations  showed  somewhat 
similar  wave  forms,  but  with  Iht*  first  and  major  deflections  |>usitive  (outward  from  ground  zero). 
They  leiuled  to  lx*  slightly  more  oscillatory  in  character,  with  rather  pronounced  negative  peaks 
following  the  major  po-sllive  ones. 

Taiile  3.2  prost  nls  the  corrected  acceleration  d.it.i.  In  a  few  ca.'»i‘S.  the  criteria  used  for 
inaktt-.g.  the  iniegratiuii  ctirrections  -AiTe  in  Mtnu-  Therefor*-,  two  iiulependent  clwiices 

Wi  re  iradi*.  and  l)«>ih  values  ,ire  inclutleii  in  the  t  ihlc  (h*  ,-  :$•  *  tion  3.J.3  I  ir  more  details'*. 
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TABLE  3.2  SUMMARY  OF  CORRECTED  ACCELERATION.  VELOCITY  AND  DISPLACEMENT  DATA.  SHOT  PRISCILLA 
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Uncorrtcied  rAlwca  (eabit  brMk  at  0.2200  mc). 


Where  dual  channels  wore  employed  on  a  single  gage,  the  two  results  arc  shown  In  the  tablf?; 
however,  only  one  of  the  pair  Is  plotted  In  the  figures. 

3.3.3  Earth  Velocity.  The  corrected  earth  velocity  versus  time  plots  arc  presented  in  Fig¬ 
ures  3.7  through  3.13.  The  magnitude  of  the  baseline  change  necessary  to  obtain  zero  velocity 
at  a  specified  time  is  indicated  on  each  curve;  the  dashed  line  designates  the  baseline  of  the  as- 


Flgure  3.7  Vertical  velocity  versus  time,  Station  1  (GR;  450  feet),  Shot  Priscilla. 

read  first  integration.  In  general,  the  wave  forma  of  velocity-time  arc  similar.  At  the  close- 
in  stations,  where  the  precursor  is  just  forming,  the  curves  rapidly  rise  to  maximum  velocity. 
However,  as  the  precursor  develops,  its  influence  is  evident  on  the  velocity  response.  Also, 
the  velocity  peaks  tend  to  become  less  sharp  with  increasing  depth  of  measurement. 

The  criterion  for  specification  of  the  time  that  the  velocity  Is  zero  was  difficult  to  establish. 
After  considerable  study,  it  was  decided  that,  for  local  air-blast  induced  effects  only,  the  end 
of  the  overpressure  positive  phase  would  constitute  a  reasonable  criterion  for  velocity  equal  to 
zero.  Of  course,  this  criterion  nrressarily  was  only  indicative  of  the  c  orrections  to  be  made; 
each  choice  of  time  of  zero  velocity  had  to  be  made,  taking  into  aecount  \ny  peculiarities  which 
appeared  on  individual  records. 

In  a  few  cases  (fur  example:  CVS,  Figure  3.12),  l**o  dilferent  Kisehne  corrections  were 
thought  to  be  equally  valid.  For  these,  both  values  .ii  e  carried  through,  and  the  two  diMolace- 
ment  values  are  det<'rmiiud. 

The  data  oldained  from  the  corrects <1  earth  vi-h*i  dy  plot.^  .ire  t.d>ulatcd  Tahl*  3.2. 
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Figure  3.11  Horizontal  velocity  versus  time,  Station  i  (GR:  750  feet); 
vertical  velocity  versus  time,  Station  5  (GR:  S5u  feet);  Shot  Priscilla. 
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3J.4  Earth  Dlsplacumont*  Flgurutt  3.14  through  3.17  prcHunt  the  corrected  earth  dUspluce- 
mc^ versus  time  plotSi  which  arc  obtained  from  the  double  integration  of  the  accelerometer 
records;  the  pertinent  d.ita  are  tabulated  in  Table  3.2.  Included  In  Table  C.l  (Appendix  C)  is 
the  approximate  uncorrcctcd  peak  displacement;  that  is,  the  displacement  obtained  by  double 
integration  of  as-read  acceleration-time  without  correction  to  zero  velocity. 

In  general,  the  wave  forms  of  the  displacement  plots  arc  similar,  exhibiting,  like  the  vcloc 


> 


Figure  3.13  Horisonui  velocity  versus  time.  Station  6  (CR:  !,OSO  feet);  vertical 
velocity  versus  time.  Station  7  (GR;  1.3S0  feet);  Shot  Priscilla. 

lly  r>  >ults.  inrrcasirtg  time  «»f  ris**  tn  p«Mk  antpiifutle  for  increasing  ground  range.  The  effect 
of  the  precursor  upon  displaei  tnent  is  nhvi«nis  al  Station  6  tjut  to  a  mueh  h  ..•.er  tlegree  at  the 
cl  .'•»  r  gage  .Nlation--. 
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Figure  3.14  Vertical  dieplacemeot  versus  time.  Station  1  (GR:  4S0  feet); 
Station  2  (OR:  $50  feet);  Station  3  (GR:  6S0  feet);  Shot  Priscilla. 
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Plgur*  3.IS  Vertical  and  horizontal  diaf.lacement  veraua  time.  Station  4 
(CH;  7S0  (eetl;  Sution  S  (CR:  «S0  feet);  Shot  Priacilla. 
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rifur«  3.17  HorUMiUl  displacumtnt  versus  Umt,  sutioa  <  (GR:  l.OSO  fsst); 
vsrUcil  dispiscsmsnt  versus  time,  Sution  7  (GR:  1,3S0  feet);  Shot  PrisoiUa. 


SI 
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3.3.5  Earth  Stress,  The  earth  stress-time  plots  from  Project  1.4  arc  sliown  In  Fly;ures 
3,13  through  3.23,  Included  in  each  figure,  for  comparison,  is  a  plot  of  the  overpressure-time 
record  obtained  at  each  station. 

It  is  seen  that,  with  few  exceptions,  the  wave  forms  of  these  plots,  particularly  those  from 
Shallow  gages,  are  similar  to  those  of  applied  air-pressure.  At  the  greater  depths,  the  time  of 


Figure  3.18  Vertical  stress  versus  time,  Station  1  (GR:  450  feet); 

Station  2  (GR:  550  feet);  Shot  Priscilla. 

rise  to  peak  stress  is  increased,  and  at  Station  6  the  effect  of  the  precursor  wave  is  evidei.w 
Three  records,  6CV5B,  6CV10B,  and  6CV20B,  obtained  from  Project  1.7  and  buried  near  Proj¬ 
ect  1.4,  Station  6,  (Figure  2.5),  are  included  in  Figure  3.22.  These  records  will  be  considered 
auxiliary  data  and  will  be  included  in  the  analysis  of  results.  It  is  apparent  that,  whereas  at 
the  5-foot  depth  the  primary  and  auxiliary  stress  records  are  comparable  in  wave  form,  the 
records  at  10-  and  20-foot  depths  are  not  similar  in  form.  Actually,  the  auxiliary  records 
seem  more  reasonable;  this  will  be  discussed  more  fully  in  Chapter  4. 

The  horizontal  stress-time  plots  appear  to  exhibit  the  same  general  wave  form  as  the  vertical 
component. 

Stress  data  are  given  in  Table  3.3. 

3.3.6  Earth  Strain.  Figure  3.24  presents  the  plots  of  the  reduced  earth  strain  records  ob- 
talned,  with  peak  values  marked  similarly  to  those  of  acceleration.  It  is  seen  that,  while  only 
two  of  these  records  are  complete,  three  others  give  fragmentary  information.  The  intermittent 
nature  of  these  records  is  apparently  caused  by  momentary  contact  of  broken  cables  or  connec¬ 
tors  caused  by  earth  motions. 

The  two  complete  strain  records  show  wave  forms  which  rise  to  a  peak  about  the  time  of  the 
peak  stress,  but  decay  less  rapidly  and  to  a  constant  value  which  represents  the  permanent 
(residual)  strain.  This  wave  form  is  apparently  followed  by  the  fragmentary  record  of  6SV30, 
but  that  of  4SV30  implies  a  final  value  of  strain  which  is  negative,  unless  that  portion  of  the 
record  is  displaced.  The  abrupt  chinges  in  strain  ob.>»orved  on  the  •iSVlO  plot  (near  0.180  sec¬ 
ond)  and  GSV30A  (near  0.280  second)  make  these  results  somewlut  suspi'Ct.  One  would  not  ex¬ 
pect  ti>e  strain  in  .soil  to  vary  in  (h.it  manner. 
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TABLE  3.3  SUMMARY  OF  STRESS  DATA,  SHOT  PRISCILLA 


NR,  no  record;  PI,  duta  Indeterminate;  and  CB,  c,>ble  break. 


Gage 

Ground 

Range 

Gage 

Depth 

Arrival 

Time 

First 

Positive 

Peak 

Time  of  First 
Positive  Peak 

Maximum 

Positive 

Time  of 
Maximum 
Positive 

Maximum 

Negative 

Time  of 
Maximum 
Negative 

ft 

ft 

sec 

pal 

sec 

psi 

sec 

psi 

sec 

ICV5 

450 

5 

0.114 

104.1 

0.129 

213.7 

0.147 

— 

ICVIO 

450 

10 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

2CV5 

550 

5 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

2CV10 

550 

10 

0.130 

203.5 

0.1.16 

203.5 

0.136 

208.2 

0.143 

3CV5 

650 

5 

0.136 

24.2 

0.141 

220.S 

0.156 

— 

— 

3CVI0 

650 

10 

0.149 

205.8 

0.166 

211.8 

0.174 

7.79 

0.285 

4CVI 

750 

1 

0.146 

18.9 

0.150 

214.9 

0.175 

19.3 

0.415 

4CV5 

750 

5 

0.151 

42.3 

0.159 

181.5 

0.183 

34.1 

0.300 

4CV10 

750 

10 

0.164 

11.8 

0.172 

46.6 

0.197 

4CV10A 

750 

10 

0.164 

7.11 

0.167 

42.2 

0.190 

— 

— 

4CV20 

750 

20 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

4CV20A 

750 

20 

0.168 

28.4 

0.160 

28.4 

0.180 

— 

— 

4CV30 

750 

30 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

4CV30A 

750 

30 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

4CV60 

750 

50 

0.197 

114.4 

0.211 

132.2 

0.250 

— 

4CVS0A 

750 

50 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

4CH10 

750 

10 

0.157 

20.5 

0.165 

94.2 

0.192 

13.0 

0.375 

4CHS0 

750 

50 

0.199 

10.0 

0.212 

14.9 

0.247 

3.98 

0.207 

4CH50A 

750 

50 

0.199 

10.4 

0.220 

14.7 

0.248 

4.36 

0.207 

5CV5 

650 

5 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

SCVIO 

850 

10 

0.181 

48.6  CB 

0.219  CB 

48.6  CB 

0.219  CB 

CB 

CB 

6CV1 

1,050 

1 

0.204 

27.6 

0.227 

74.5 

0.273 

8.97 

0.515 

«CV5 

1,050 

5 

0.207 

14.8 

0.228 

94.4 

0.281 

8.58 

0.530 

6CV50 

1.050 

5 

0.205 

13.3 

0.221 

56.5 

0.279 

12.2 

0.445 

«CV10 

1,050 

10 

0.213 

D1 

DI 

54.5 

0.283 

33.8 

0.220 

6CV10A 

1,050 

10 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

6CV10B 

1,050 

10 

0.208 

30.1 

0.238 

160.1 

0.288 

— 

— 

6CV20 

1,050 

20 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

6CV20A 

1,050 

20 

0.219 

DI 

Dt 

D! 

DI 

91.9 

0.260 

•CV20B 

1,050 

20 

0.216 

5.38 

0.254 

19.4 

0.323 

1.24 

0.525 

•CV30 

1.050 

30 

0.230 

3.40 

0.271 

7.47 

0.30: 

4.79 

0.256 

6CV30A 

1,050 

30 

0.730 

2.64 

0.272 

5.93 

0.303 

5.99 

0.255 

6CV50 

1,050 

50 

0.256 

2.99 

0.270 

21.7 

0  314 

2.25 

0.500 

6CVS0A 

1,050 

50 

0.256 

DI 

DI 

23.6 

0.316 

2.72 

0.525 

6CIU0 

1,050 

10 

0.216 

6.44  CB 

0.286  CB 

6.44  CB 

0.286  CB 

CB 

CB 

6CHS0 

1,050 

50 

0.261 

9.640 

0.298 

9.64 

0.298 

0.438 

0.405 

6CH50A 

1.050 

50 

0.281 

6.68 

0.297 

8.66 

0.297 

— 

— 

7CV5 

1.350 

5 

0.270 

3. .61 

0.334 

28.3 

0.406 

A. 501 

0.362 

7CV10 

1,350 

10 

NR 

NR 

NR 

NR 

NR 

NR 

NR 
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Tabic  3.4  presents  the  bask  strain  data  obtained.  For  convenience,  peak  air  pressure  and 
peak  measured  stress  are  included. 

3.4  SEISMIC  MEASUREMENTS 

The  seismic  measurements  were  made  to  obtain  data  to  aid  in  the  interpretation  of  the  Ixilow- 
ground  effects  on  this  project.  The  first  phase  of  the  program  was  the  determination  of  the 


040  StC 


Figure  3.21  Horitontal  stress  versus  time,  Station  4  (CR:  750  feet);  vertical 
stress  versus  time,  Station  5  (GR:  850  feet);  Shot  Priscilla. 

variation  of  velocity  (C^^)  with  depth,  particularly  in  the  first  100  feet.  Vertically  drilled  holes 
were  used  for  this  purpose.  Small  dynamite  charges  were  fired  at  various  depths  in  these  holes, 
and  geophoncs  were  placed  near  the  top  of  the  hole  and  at  distances  of  50  and  100  feet  from  the 
hole.  The  arrival  times  were  measured  and  plotted  againsi  depth  to  determine  the  compressional 
wave  velocities  (0^)  in  a  vertic.il  direction. 

The  second  phase  of  the  seismic  program  consisted  of  making  a  seismic  refraction  profile  to 
determine  the  seismic  horizontal  veioi-ities  and  tlwir  variation  with  thpth.  Figure  2.6  shows  the 
location  of  slsrt  holes  and  reiractton  spread  used  m  the  seismic  program  and  their  relation  to  the 
blast  line.  tXjring  this  part  wf  the  program  an  effort  wms  also  nude  to  gi  m  rale  shear  waves  and 
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Figure  3.22  Vertical  slrcas  versus  time,  Station  6  (CR:  1,050  feet),  Shot  Priscilla 
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Figure  3.23  Vcrticul  and  horizontal  stress  versus  time.  Station  6  (GR:  l,0S0  feet), 
Shot  Priscilla. 
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Figure  3.24  Vertical  strain  versus  time.  Station  4  (GR:  7S0  feet); 
Sutton  6  (Git:  1,050  fed);  Shot  Priscilla. 
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FMnirc  3.25  Travel-lime  daU,  Stvol  Point  I,  Frenchman  FUl.  Figure  3.26  Travel-time  data,  Shot  Point  2,  Frenchman  Flat 


measure  shear-wave  velocities;  however,  no  success  was  met  In  the  attempt  to  measure  shear- 
wave  velocity  directly.  However,  some  short  sproads,  using  only  a  blasting  cap  and  hammer 
blows  for  energy,  were  set  out  and  Rayleigh  waves  were  recorded.  From  these  Rayleigh  veloc¬ 
ities  an  approximation  of  the  surface  shear- wave  velocity  was  made. 

3.4.1  In  Situ  Seismic  Velocities.  The  seismic  velocities  in  a  vertical  direction  were  meas¬ 
ured  by  detonating  small  dynamite  charges  ( ‘/i  to  lV|  pounds)  at  a  number  of  depths  in  three  shot 
holes  (see  Section  2.3.4)  with  detectors  placed  at  the  surface.  The  horizontal  velocities  were 

TABLE  3.4  SUMNIAKY  OK  STIIAIN  DATA.  SHOT  PHISCILLA 


NR,  no  record;  and  CD,  cabiw  break. 


Gage 

Ground 

Range 

Gage 

Depth 

Arrival 

Time 

Maximum 

positive 

Time  of 
Maximum 
Positive 

Maximum 

Negative 

Time  of 

Maximum 

Negative 

Residual 

Strain 

Time  o( 
Residual 
Strain 

ft 

ft 

sec 

sec 

ppk* 

sec 

ppk* 

sec 

4SVS 

T50 

a 

0.150 

^.81 

0.104 

6.60 

0.309  CB 

4SVSA 

T50 

5 

O.ISO 

8.78 

0.105 

— 

— 

7.84 

0.309  CD 

4SV10 

750 

10 

0.172 

15.1 

0.187 

0.233 

0.176 

If.l 

0.287  CB 

4SV20 

750 

20 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

4SV20A 

750 

20 

NR 

MR 

Nil 

NR 

NR 

NH 

NR 

4SV30 

750 

30 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

4SVS0 

750 

50 

0.185 

7.58 

0.248 

— 

3.65 

7.50 

4SVS0A 

750 

50 

0.185 

7.86 

0.240 

— 

— 

3.70 

4.80 

6SVS 

1,050 

5 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

esvio 

1,050 

10 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

CSV20 

1,050 

20 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

6SV20A 

1,050 

20 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

6SV30 

1,050 

30 

0.220 

5.79 

0.304 

— 

— 

0.758 

7.50 

6SV30A 

1,050 

30 

0.220 

S.99 

0.304 

— 

— 

0.730 

4.80 

tsvso 

1,050 

SO 

0.209 

2.99 

0.330 

0.034 

0.213 

0.457 

5.70 

6SVS0A 

1,050 

SO 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

•  Parts  par  thousand. 

determined  from  the  refraction  profile  by  setting  out  a  line  of  geophones  and  shooting  small 
charges  In  shallow  holes  at  various  distances  in  line  with  the  geophone  spread. 

The  results  of  the  vertical  seismic  profiles  shot  at  the  three  different  positions  show  the 
variations  of  the  velocities  with  depth.  Figures  3.25  through  3.27  are  plots  of  the  time-depth 
curves  at  the  three  hole  positions.  While  there  is  some  20  percent  lateral  variation,  all  the 
time-depth  curves  are  similar.  (No  effects  of  water  intrusion  on  the  vertical  velocities  was 
apparent  in  the  third  hole.)  The  average- velocity  depth  and  the  interval  velocities,  determined 
by  the  increments  of  the  time-depth  curves,  are  also  shown  in  these  figures.  It  is  not  implied 
that  the  interval  velocities  are  as  abrupt  as  shown,  but  this  presentaticA  is  conventional,  and 
attempts  to  smooth  the  curve  are  not  justified  by  data  of  this  type. 

The  results  of  the  seismic  survey  do  not  show  the  gradual  increase  of  velocity  with  depth 
that  was  elected.  The  low-velocity  layer  in  the  vicinity  of  40-  to  50-foot  depth  was  not  indi¬ 
cated  from  previous  data  taken  by  earlier  refraction  surveys  (Reference  10).  The  refraction- 
survey  method  has  the  inherent  limitation  that  it  cannot  detect  a  low-velocity  liyer  which  under¬ 
lies  a  high-velocity  layer.  When  the  50-(oot  instrument  hole  was  examined,  there  was  no  visual 
indication  that  the  playa  in  the  40-  to  50-foot  low- velocity  region  was  any  different  than  the  upper 
high-velocity  material.  One  explanation  for  this  low- velocity  material  would  be  that  rate  of  dep¬ 
osition  for  this  region  was  faster  than  for  the  rest  of  the  overlaying  material.  This  higher  rate 
would  produce  material  that  was  not  as  compact  and  of  a  lower  modulus  and  would  thus  lOvc  a 
lower  velocity. 

The  unexpected  results  of  the  vertical  sejanuc -velocity  surveys  were  sufficiently  different 
from  those  assumed  m  !f>e  original  predictions  to  eau»e  some  concern  as  to  the  validity  of  the 
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proHIctions.  There  wuM  insufficlcMit  b;ickgroumi  as  to  the  efi'ects  that  the  velocity  Inversion 
would  have  on  the  stress  and  acceleration  to  Justify  their  nuKliflrntlnn.  The  strain,  however, 
was  considered  to  be  more  directly  affected  by  the  local  modulus,  and  these  predictions  were 
modified  to  take  the  seismic  results  into  account*  The  revised  values  arc  shown  in  Table  2.1. 

The  results  of  the  refraction  profile  show  four  layers  having  different  horizontal  velocities 
to  a  depth  of  200  feet.  The  surface  layer  to  a  depth  of  20  feet  showed  an  average  velocity  of 
1,050  k  100  ft/sec,  the  second  layer,  which  was  42  feet  thick,  had  an  average  velocity  of  2,260 
ft/ sec  and  the  third  layer,  106  feet  thick,  had  an  average  velocity  of  2,665  ft/sec.  The  fourth 
layer  was  penetrated  only  a  few  feet  and  showed  a  velocity  of  3,340  ft/sec.  If  the  seismic  pro* 
file  had  been  extended  beyond  900  feet  along  the  surface,  the  depth  and  velocity  of  deeper  layers 
could  have  been  determined. 

Figure  3.28  shows  the  travel  curve  of  the  refraction  profile  and  a  wavc>front  diagram  indi¬ 
cating  the  depths  and  velocities  of  the  various  refraction  horizons.  The  horizontal  velocities 
shown  by  the  seismic-refraction  work  arc  somewhat  greater  than  the  vertical  velocities.  This 

Ttmt,  tte 


Figure  3.27  Travel-lime  data,  Shot  Point  3,  Frenchman  Flat, 
is  normal  and  to  be  ei^ected  in  multilayered  formations.  As  stated  before,  a  breaJc  in  the  time- 
travel  curve  occurs  only  when  a  higher  velocity  layer  is  below  a  layer  of  low  velocity.  The  ver¬ 
tical  velocities  probably  give  better  overall  velocity  data  than  the  refraction  velocities  which 
only  indicate  velocities  in  specific  layers. 

A  close  examination  was  made  of  the  refraction  records  to  see  if  any  shear  waves  were  re¬ 
corded.  No  definite  arrivals  were  observed  tint  could  be  identified  as  shear  waves.  However, 
two  short  iipreads  were  recorded  using  geuphone  intervals  of  only  30  feet  and  hammer  blows 
and  a  blasting  cap  as  a  source  of  energy,  and  Rayleigh  waves  were  observed  on  iheae  short  re¬ 
fraction  profiles.  The  results  of  this  survey  are  shown  in  Figure  3.29,  which  shows  a  Haytcigh 
wave  velocity  of  575  ft/  sec  t  15  percent  and  a  C|^  of  1,520  ft  sec  t  15  pi^rcent.  This  gave  a 
ratio  of  Cp  Cl  *  0.378  (Figure  3.29)  which  gives  a  Poisson’s  ratio  (j)  of  0.40  for  the  surface 
material  to  a  depth  of  .tj»pr«««:malely  15  feet;  uai.ng  the  extreme  values  nl  v»  loeiiy,  one  obtains 
0.22  t.  e  0.44. 

3.4.2  Vt  jtx  tttes  in  It.u  kf»U.  fXrittg  tV  of  ihe-  tb  «  p  smu*-  bob  s  .»!  ilatt:ins  4  .jntl 

6,  a  gtMipiu'ne  was  planled  in  rach  m  ar  th««  wall  at  a  *l«  ptl»  of  50  U  « t.  Lat»-  in  llir  pr« 
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Figure  3.28  RefracUoa  survey,  travel-time  data,  and  wave-front  diagram.  Frenchman  Flat. 


operutton  after  backfilling  completed,  mcaKurcmentit  were  made  of  the  travel  tlmf  of  thf 
tfeUmlc  ImpulM  from  the  gcophonc  to  the  eurface. 

Small  charges  consisting  of  only  a  blasting  cap  were  fired  on  the  surface.  One  charge  was 
shot  on  the  opposite  side  of  the  hole  from  that  where  the  gcophonc  was  planted  and  the  other 
charge  S  feet  away  from  the  edge  of  the  hole  above  the  gcophonc  (also  5  feet  off  vertical).  The 


rifure  3.29  Refraction  survey,  short-span  Instrument  array,  Frenchman  Flat. 

travel  times  through  the  undisturbed  materul  were  33  and  36  msec  and  through  the  backfilled 
material  they  were  36  and  37  msec.  These  travel  times  corre^ond  to  average  velocities  of 
1,390  «  40  ft/sec  and  l,4S0  t  60  ft/sec.  The  average  travel  time  for  the  first  50  feet  from  »k>1 
Points  1,  2,  and  3  showed  a  lime  of  24.2  msec  which  correspomM  to  an  average  velocity  of 
2,060  ft/ sec.  These  data  Imply  that  the  backfill  failed  to  reach  the  original  modulus  and  that 
the  effect  of  backfilling  and  moisture  content  also  reached  somewhat  beyond  the  edge  of  the  hole. 
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Chapter  4 

DISCUSSION 


Alter  a  brief  deecriptlon  of  acceleration  and  velocity  wave  form  types,  the  Shot  Priscilla  ground 
shock  data  will  be  discussed.  Where  applicable,  the  results  of  the  Tumbler,  Upshot- Knothole, 
and  Jangle  shots  (Appendix  0)  will  be  compared  with  those  from  Shot  Priscilla.  The  main  levies 
to  be  discussed  are  attenuation  of  ground  shock  with  depth,  earth  response  as  affected  by  the 
character  of  air-blast  pressure  input,  local  effects  versus  effects  from  remote  sources,  and 
response  spectra.  Also  Included  will  a  brief  analysis  of  deduced  stress-strain  relations  for 
soil. 


4.1  ACCELERATION  AND  VELOCrTY  WAVE  FORMS 

The  most  typical  characteristic  of  ground  accelerations  induced  by  the  air  blast  is  that  there 
is  no  single  ideal  wave  form.  In  the  elastic  model,  the  accelerations  caused  by  the  direct  wave 
appear  proportional  to  the  time  rate  of  change  of  overpressure;  hence,  one  would  expect  the 
character  of  the  accelerations  to  chinge  with  overpressure  wave  form.  The  integral  of  vertical 
acceleration,  vertical  particle  velocity,  is  perhaps  the  most  familiar  of  all  ground-motion  pa¬ 
rameters  since  it  bears  a  direct  relationship  to  the  overpressure.  Six  of  the  more  predominant 
acceleration  and  velocity  wave  form  types  characteristic  of  the  NTS  are  shown  schematically  in 
Figure  4.1.  Enmples  of  these  wave  form  types  taken  from  various  tests  are  listed  in  Table  4.1. 
When  the  wave  form  is  ideal  and  traveling  euperseismically,  the  downsrard  acceleratioik  Is  large 
compared  with  the  following  upward  accelerations  (Figure  4.1a),  emimples:  Records  1V5,  IVIO, 
and  2VS  (Figure  3.2).  The  resulting  velocity  is  similar  to  the  air  pressure,  falling  off  somewhat 
more  rapidly  than  the  pressure  and  becoming  sero  before  the  end  of  the  positive  phase  of  the  air 
pressure.  A*  lower  peak  overpressures,  the  firm  downward  acceleration  is  foUowtMl  by  an  up¬ 
ward  peak  acceleration  of  nearly  equal  or  sometimes  greater  magnitude  (Figure  4.1b).  This 
type  of  wave  form  is  common  in  small  high-explosives  charge  work  even  at  high  overpressures. 

The  resulting  velocity  decreases  more  rapidly  than  in  Type  a  and  becomes  positive  prior  to 
the  end  of  the  positive  phase.  The  peak  upward  velocity  is  always  much  smaller  than  the  peak 
downward  velocity,  however.  The  first  Indication  that  the  air  blast  is  traveling  Iransselsmically 
is  an  outrunnii^  of  the  downward  acceleration  (Figure  4.1c)  compared  with  the  sharp  onset  of 
scccleraiion  illustrated  previously,  example:  Record  4V20A  (Figure  3.3).  This  type  of  outnin- 
nif^,  although  infrequently  observed  during  nuclear  tests,  is  common  on  smalt  high- explosives 
shots. 

The  character  of  the  ground  acceleration  in  the  precursor  region  changes  markedly  as  the 
precursor  develops  and  decays.  Figure  4.  Id  illustrates  a  wave  form  typical  of  the  early  stages 
of  precursor  development,  exafiq>tes:  4V1,  4V$,  snd  3VS  (Figures  3.3  and  3.4).  The  precursor 
Induces  sccelcrations  similar  to  those  of  Figure  4.1b.  The  mam  pressure  wave  induces  larger 
(since  the  pressure  is  much  greater)  downward  accelerations.  The  peak  upward  accelerations 
sre  low  since  the  pressures  are  large  in  this  region.  As  the  precursor  transgresses  its  various 
stages  of  development,  the  air  pressure  wave  form  becomes  violent,  producing  the  Kti^  frequen¬ 
cy  acceieralion  record  of  Figure  4.le,  examples:  gvi,  gV5  (Figure  3.S).  As  the  blast  wave 
cleans  up,  these  acceleraltona  may  become  small  in  magnitude. 

When  the  refracted  ground  srsve  outrun*  the  local  wave,  the  first  peak  vcriieai  acccl*  ration 
is  positive  or  upward  as  m  Figure  4.1f.  The  frequencies  associated  with  the  remote  source 
accelerations  are  much  lower  that*  those  of  the  to«..*l  effect;  onset  of  acceleration  is  graduai  and 
in  man)'  cases  hardly  perrt^ibie;  and  successive  {H-aks  gfuw  lo  magnitude  and  ttH-n  ilecay.  The 
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signals  often  last  for  two  or  three  times  the  positive  phase  duration  of  the  air  blast  wave.  Al¬ 
though  the  accelerations  from  remote  sources  are  generally  small  compared  with  those  of  the 
local  wave,  their  low  frequency  results  in  velocities  and  displacements  which  are  comparable 
with  those  of  the  local  wave. 

The  arrival  of  the  local  effect  is  Identified  by  a  sudden  increase  In  velocity  (Figure  4.2),  the 
velocity  jump,  as  it  is  called  in  British  weapons  effects  reports  Since  the  velocity  jump  may 


Figure  4.1  Schematic  diagrams  of  vertical  acceleration  and  velocity  wave  forms, 

be  superimposed  on  ascending  or  descending  portions  of  the  remote  effect,  It  represents  the 
most  probable  peak  downward  value  of  the  velocity.  Furthermore,  it  bears  a  direct  relationship 
to  the  overpressure  In  the  same  manner  as  the  peak  downward  velocity  in  the  supcrselsmlc  case. 
The  Influence  of  the  refracted  wave  not  only  appears  ahead  of  but  also  behind  the  arrival  of  the 
local  wave.  Because  of  this,  the  peak  upward  velocities  become  comparable  with  the  velocity 
jump.  Figure  4.3. 

Even  though  the  blast  wave  may  be  supcrselsmlc,  l.c. ,  outrunning  Is  not  observed,  the  sig¬ 
nal  produced  by  the  refracted  wave  may  be  sufficient  to  modify  the  velocities  In  the  later  por¬ 
tions  of  the  acceleration  pulse.  Thus,  the  remote  source  wave  can  have  m.arkcd  effects  on  the 
peak  displacements,  effects  which  arc  not  observed  In  the  peak  velocity. 

At  depth,  outrunning  occurs  earlier  than  at  the  surface,  and  the  accelerations  of  the  direct 
wave  are  attenuated.  In  such  cases,  the  acceleration  wave  type  becomes  extremely  confused, 
particularly  in  the  precursor  region  where  types  d,  f,  and  possibly  c  emerge.  This  combina¬ 
tion  may  occur  at  depths  as  small  as  20  feet,  cf. ,  Shot  Priscilla  gages  4V20A  ami  6V30A  (Fig¬ 
ures  3.3  and  3.5). 

4.2  SIGNALS  FROM  REMOTK  SOURCKS 

Tin-  Dfigin  of  Mge.als  from  snurei-s  other  than  the  loeal  .ur-blasl  .slap  has  Im  «  ii  dj.seuss^  .! 
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for  the  general  case  In  Section  1.3.  Figure  4.1  shows  the  air  pressure  time  of  arrival  plot  for 
the  Priscilla  event;  also  plotted  on  the  figure  are  the  data  from  the  refraction  survey  taken  at 
Frenchman  Flat  as  a  part  of  Project  1.4.  Sliding  the  seismic  curve  up  the  air-blast  curve,  one 
finds  that  the  surface  level  outrunning  ground  range  for  Priscilla  was  about  2,500  feet,  due  to  a 
signal  originating  approximately  600  feet  closer  to  ground  zero.  However,  the  plot  of  Figure 
4.4  does  not  toll  the  whole  story;  It  is  possible  for:  (1)  outrunning  to  occur  at  closer  ranges  for 
measurements  taken  underground;  and  (2)  refracted  signals  to  be  manifest  on  records  after  the 
arrival  of  the  first  signal. 

Therefore,  although  the  Priscilla  acceleration  results  (measurements  out  to  1,350-foot  ground 
range)  show  no  outrunning  in  the  strict  sense  of  the  term,  they  show  that  refracted  signals  from 
remote  sources  were  present,  particularly  from  the  deeper  gages.  Notable  examples  are  found 

TABLE  4.1  EXAMPLES  OF  VEKTICAL  ACCELERATION  WAVE 
FORM  TYPES  SHOWN  IN  FIGURE  4.1 


W.'ive  Form 

Example  • 

Shot 

Overpressure 

a 

1V5 

Plumbbub,  Priscilla 

psi 

554 

14VT 

Upshot-Knothole  9 

21.5 

b 

17VI 

Upshot-Knotholo  9 

11.5 

5V 

Mole  Round  104 

78 

c 

4V 

Mole  Round  208 

>160 

d 

4V1 

Plumbbob,  Priscilla 

104 

TVS 

Plumbbob,  Priscilla 

59 

ISVl 

Upshot-Knothole  10 

300 

IV 

Tumbler  4 

45 

e 

17  VI 

Upshot-Knothole  10 

14.5 

OVl 

Upshot-Knothole  10 

8.1 

f 

8V 

Tumbler  1 

5.2 

5V 

Tumbler  2 

3.4 

9V2 

Mole  Round  308 

13.8 

*  Cage  deff  .gnation  corresponds  to  that  given  in  reports  of  these  shots. 


at  Stations  6  and  7  (Figures  3.S  and  3.6).  Record  6V30A  exhibits  the  type  of  behavior  expected 
when  the  signals  from  remote  sources  arrive  after  the  local  precursor  slap  and  the  main  wave 
slap;  however,  when  this  occurs,  it  is  almost  Impossible  to  Identify  the  effect  of  the  refracted 
wave.  Similar  behavior  is  evident  on  the  7V5  and  7V10  records  (Figure  3.6);  it  is  likely  that  the 
low  frequency,  small  amplitude  acceleration  oscillations  beyond  about  0.5  second  on  these  rec¬ 
ords  ai-e  due  to  remote  source  signals. 

ft  is  readily  apparent  that  the  remote  source  disturbances  are  extremely  bothersome  when 
one  Is  integrating  acceleration-time  records  to  obtain  velocity  and  displacement  versus  time. 

Any  criteria  which  are  ordinarily  useful  for  determining  the  time  of  zero  velocity  (Appendix  C), 
may  be  rendered  void  by  the  presence  of  signals  from  a  remote  source. 

4.3  ATTENUATION  OF  GROUND  SHOCK  WITH  DEPTH 

Oy  far  the  major  portion  of  data  which  may  be  used  to  determine  the  attenuation  of  ground 
motion  with  depth  are  the  measurements  on  Shot  Priscilla.  For  this  reason,  observations  made 
on  other  shots  are  discussed  concurrently  with  the  Shot  Priscilla  data. 

4.3.1  Acei  leiution  (Attenuation  with  Depth).  The  attenuation  with  depth  of  maximum  down¬ 
ward  aceelt'iMlion  niea.'iured  on  Priscilla  is  summarued  in  Figure  -*.5.  Both  the  Stanford  Ro- 

67 


SECRET 


0.2 


1  1  1  1  1  1  1  1  1 

|“®ASE  line  shift 

— 

_  DIRECT  INTECjRATlON 

_ 1 _ ^ _ 1 _ 

J _ 1 _ 1 _ 1 _ L 

(j 


Figure  4.2  Uncorrected  and  corrected  vertical  velocities,  S-psi  overpressure. 
Tumbler  Shot  1  (arrow  shows  air-blast  arrival). 


CnOUNO  HANOC  -  ft 


Figure  4,3  Vertical  velocity  versus  ground  rungc.  Tumbler  Slvot  I,  5-fool  depth 
(numbers  adjacent  to  data  arc  overpressures  in  psi). 
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search  Institute  (Project  1.4)  .ind  the  Sandia  (Project  1.5;  Reference  15)  data  arc  plotted  on  the 
figure.  Reference  to  Figure  4.5  shows  that  between  5-  and  10-foot  depths  the  attenuation  varies 
between  about  30  to  45  percent,  except  at  the  550-  and  650-foot  ground  ranges  where  the  change 
in  peak  acceleration  with  depth  is  negligible.  There  is  no  apparent  explanation  for  this  behavior; 
it  is  significant  that  the  Sandia  data  indicated  rather  sharp  attenuatien  at  greater  depths  at  a 
range  of  650  feet. 

Taking  the  Stanford  Research  Institute  (SRI)  and  Sandia  data  together  at  750-  and  850-foot 


Figure  4.4  Air-blast  time  of  arrival,  Shot  Priscilla,  and  seismic  soil  survey. 

Frenchman  Flat. 

ranges,  it  is  evident  that  the  tendency  is  toward  a  decided  decrease  in  acceleration  attenuation 
between  10-  and  30-foot  depths.  Wave  theory  gives  the  following  formula  for  the  particle  veloc¬ 
ity  at  the  Interface  between  two  materials  after  passage  of  a  step  pulse: 


I  * 

P|C|  (£()u.itiun  4.1) 

Where  u  is  the  stress  change  across  the  apprnaehiiit:  wave  front;  /),C|  is  the  impedance  of  the 
material  in  front  of  the  interface;  and  /)jC.  is  the  impedance  beyond  the  interface.  The  step 
velocity  across  tlie  approaching  front  is  V  ,),Ci  .  Tiurefore,  the  theory  su^tgt  >ts  the  fol¬ 
lowing;  (1)  If  an  .iCcel«Tonifter  is  locati*!  at  or  m  ar  the  tranxiniti  from  a  hard  to  a  .-^ofl  mate- 
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rial,  tho  peak  acceleration  Is  Increased.  (2)  If  an  accelerometer  Is  located  at  or  near  the 
transition  from  a  soft  to  a  hard  material,  the  peak  acceleration  Is  decreased. 

Reference  to  the  seismic  profile  measured  at  Frenchman  Fiat  prior  to  Priscilla  (Section 
3.4)  Indicates  that  the  presence  of  an  undcrlylnt;  soft  (lower  seismic  velocity)  layer  may  explain 
the  behavior  at  the  750-  and  850- foot  ranges  on  Priscilla. 

Because  the  lO-foot  deep  gai^e  at  1,050-foot  ground  range  was  lost,  there  are  no  data  between 
5  and  20  feet  at  this  station.  At  1,350-foot  range,  the  SRI  and  Sandla  data  agree  well  and  Indl- 


Flguie  4.5  Earth  acceleration  versus  depth.  Shot  Priscilla. 

cate  no  pronounced  change  in  logarithmic  attenuation  with  depth  for  peak  downward  acceleration. 

To  summarise  the  attenuation  of  peak  outward  horizontal  acceleration  between  10-  and  SO- 
foot  depths,  it  is  apparent  that  at  the  two  ktations  instrumented  (7SJ  and  1,050  feet)  the  attenua¬ 
tion  is  lesk  than  for  the  corresiMiKling  |MMk  downward  component;  numcricaliy.  It  is  about  40 
percent  for  the  outward  acceleration  aixl  a!»ut  80  pe*rcenl  f<ir  the  <lown\vard. 

Peak  negative  accelerations  on  PrisciUa  and  Jangle  S,  normali/ed  again.'i'  the  pi  aV.  acrelera- 
lion  at  l0-{ij«>t  dipth,  are  in  Figure  4.0.  The  lO-finA  depih  wa>  cho^en  a.'i  .»  b.i>is  c«>i;*.- 

partkon  since  ilu-  5-fout  depih  wa.^  :i«?l  ci>mnu>n  to  these  oIim  rvations.  The  (i.i.%hed  line:*  kJ.uAi; 
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In  the  flg^ire  arc  estimates  of  the  coiUUicnco  llmitif  of  the  correlation.  The  Identical  data  are 
also  shown  In  Figure  4.7  on  an  exponential  plot.  The  power  law  plot  of  Figure  4.0  appears  most 
satisfactory. 

The  accelerations  at  5-foot  depth  arc  1.3  t  0.2  times  those  at  10-foot  depth.  Using  this  figure, 
the  Jangle  S  and  Sandla  Priscilla  measurements  were  adjusted  to  conform  to  a  normalization 
against  the  acceleration  at  5-foot  depth,  Figure  4.8.  To  complete  the  acceleration  data  summary, 
the  Tumbler  observations  have  also  been  plotted.  The  same  confidence  limits  are  shown  as  In 
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Figure  4.6  Attenuation  of  vertical  acceleration  with  depth, 

Nevada  Test  Site  (power  law  attenuation). 

Figure  4.6  and  are  seen  to  include  93  percent  of  all  acceleration  measurements  at  the  NTS. 

Because  of  the  wide  variation  In  acceleration-time  wave  forms,  it  is  well  known  that  analysis 
of  peak  accelerations  alone  has  only  limited  value.  Changes  of  response  with  depth  will  now  be 
dts'"jssed  using  the  velocity  ami  displacemeni  data. 

4.3.2  Velocity  (Altetmatnm  wtth  fVpth).  In  Figure  4.9  are  slviwii  ilu*  vertic.il  vel'jcily  jump 
at  (Kpth  feft  rrt‘d  to  the  v»  pH.-ity  jump  at  lU  plh.  This  manner  of  presenUtnjn  h.i.i  l»een 

ch<>M.n  to  lie  into  the  con el.iinin  of  Fi;Mi’e  4.2V.  An  ntial  ilecay  l:iw  jpjH*ars  to  reprexei.t 

ihe  ilau  bell«  r  llun  a  |W>4er  l.4.»  <fi  •  .»y.  Tht  i-»  nothing  (u.ulanietil.il  .il».ut  this  choice  i*t  eo<.r- 
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dlnatcs;  the  choice  was  simply  a  matter  of  convenience  in  providliii;  a  straii;ht  line  extrapoiation 
to  greater  depths. 

Also  shown  in  Figure  4.9  are  five  datum  points  from  Tumbler.  Three  of  these  observations 
are  in  excellent  agreement  with  Priscilla  data;  two  are  50  percent  larger. 

On  Priscilla,  at  the  two  stations  (peak  overpressures  of  275  and  100  psi)  wlicre  measure¬ 
ments  were  obtained  down  to  50-foot  depth,  attenuation  of  pc.ak  downward  velocity  is  similar 
for  these  overpressure  Inputs.  There  is  some  indication  on  the  figure  that  the  underlying  soft 
layer  affected  the  peak  downward  velocity  at  the  100-psl  station;  however,  at  275  psi,  the  effect 
observed  on  the  peak  acceleration  (Figure  4.5)  is  almost  completely  eliminated. 

The  peak  outward  velocity  data  from  Priscilla  shows  somewhat  less  attenuation  with  depth 

5.00 


X 

1.00 

uj 

o 

9  0.90 

< 

z 

o 

< 

a: 

UJ 

UJ 

S  0.10 

< 

o 

^  0.050 
< 

(t 


0.010 

0  20  40  60  60  100  120  140  160  180  200 

depth  ,  fl 

Figure  4.7  Attenuation  of  vertical  acceleration  with  depth, 

Nevada  Test  Site  (exponential  law  attenuation). 

than  the  downward  component  at  275-psi  overpressure;  at  the  larger  ground  range  (100-psi 
overpressure),  the  outward  velocity  at  50-foot  depth  is  actually  more  than  double  that  measured 
at  10  feet.  This  latter  effect  can  be  explained  on  the  basis  of  the  inituence  of  ground  motion  sig¬ 
nals  from  remote  sources  closer  to  ground  zero. 

The  vertical  vehH*ity-lime  curve  is  similar  to  the  overpressure-time  curve  when  the  air- 
bla.st  wave  is  sujs  rseismu'.  The  vel»»rity  peak  is,  h»iv*cvt  r.  more  louml.  «i  and  proj:re,-»sively 
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Ficure  4.8  Attemutlon  of  vertical  acceleratloii  with  depth,  data 
fiormalued  a^lnst  acceleration  at  5>foot  depth,  Nevada  Test  Site. 


lags  tiio  wavo  front  by  an  increasing  amount  as  the  depth  increases.  This  lag  is  the  sum  of  the 
overpressure  rise  time  plus  a  lime  lag  due  to  spreading  of  the  acceleration  pulse  with  depth. 
For  an  Ideal  overpres.sure  wave  form  (no  precursor),  the  latter  time  difference  would  corres¬ 
pond  to  the  rise  time  of  the  vertical  velocity  pulse.  Tl»e  rise  time  (corresponding  to  an  ideal 
overpressure  wave  form)  has  been  deduced  from  th»*  Stanford  Research  Institute  Priscilla  ac¬ 
celeration  and  velocity  data  (corrected  for  transmission  time)  and  Is  shown  in  Figure  4.10. 

The  single  satisfactory  obiiervatlon  on  Tumbler  Is  also  shown  and  compares  surprisingly  well 
with  the  Priscilla  data. 

Still  anolher  method  has  been  employed  to  show  how  velocity-time  traces  change  with  depth. 
The  overpressuru-tlme  records  and  the  velocity-time  curves  were  normalized  to  their  peak 
values;  that  Is,  each  parameter  magnitude  was  divided  by  the  peak  value  and  the  ratio  plotted 
versus  time.  Figures  4.11  through  4.15  present  the  results  of  these  normalizations.  Also  In- 


OC^tm  <0)  -  ft 

Figure  4.10  Increase  in  vertical  velocity  rise  time  with  depth,  Frenchman  Flat. 

eluded  in  the  figures  are  the  normalized  earth  stress  records,  which  will  be  discussed  in  Sec¬ 
tion  4.3.4.  The  records  are  aligned  so  that  the  peaks  coincide  and  velocity  curves  are  inverted; 
in  this  way  easy  visual  comparisons  can  be  made  of  rise  times  and  decay  times. 

Due  to  the  many  overpressure  gage  cable  breaks.  Figure  4.11  indicates  only  limited  conclu¬ 
sions.  It  appears  that  at  Stations  1  and  2  (550-psi  and  36S-psi  peak  overpressure)  the  particle 
velocities  at  5-foot  depths  attain  a  peak  value  in  approsimately  the  same  time  as  the  surface 
overpressure;  however,  at  10-foot  depth  the  velocity  rise  time  is  about  5  msec  longer.  At 
Station  3  (Figure  4.12)  the  increased  rise  time  for  velocity  is  evident  at  both  5-  and  10-fooC 
depths  and  the  decrease  following  the  peak  is  close  to  that  displayed  by  the  surface  overpressure. 
Similar  behavior  is  observed  at  Station  4  (Figures  4.12  and  4.13)  down  to  depths  of  10  feet.  But 
below  10  feet  the  velocity  rise  time  increases  significantly.  Also  the  record  appears  to  decay 
more  ulowly  than  does  the  surface  overpressure.  At  Station  6  (Figures  4.14  and  4.15),  where 
the  precursor  Is  wrti-«Jeve|o$>ed.  the  rise  to  peak  velocity  follows  the  surface  overpressure 
down  to  30o(out  depth,  but  deviates  markt  diy  at  50  feel.  Also,  at  this  station,  one  observes 
the  first  definite  tendency  for  the  velocity  to  decay  more  rapidly  t.han  the  surface  overpressure- 
linie  measurement.  At  a  depth  «f  50  f**ef  (Figure  4.15),  the  vetiK  ity  rise  lime  Is  about  20  m:»ec 
longer  than  (or  the  uvei pi ••»auri-.  which  r«pre.»enls  the  only  siiTmftcar.l  departure  from  follimr- 
ic.g  the  input  at  blatem  C;  h*  re  a  ,ain.  h«>**  ver,  tla*  velis  ily  »le..iy  i»  ii.me  >evere  than  the  over- 
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Figure  4.11  Overpreeturc,  pariiclo  Figure  4.12  Ovorpressuro,  particle 

velocity,  earth  street,  norirutlixcd  velocity  ;;arih  stress,  normajued 

to  maximum  value.  Stations  I  through  to  maximum  value.  Stations  3  and 

3,  Shot  Priscilla.  4.  Shot  Priscilla. 
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Fii:ure  -1.13  Overprciisure,  particle  velocity,  earth  5trc8S, 
normalixeU  tu  muximutti  value.  Station  4,  Shot  Pt‘i>cina. 
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pressure  decay.  Slullon  7  (Figure  4. 15)  .show^  similar  behavior  to  Station  6,  there  iH  only  a 
small  Increase  In  velocity  rise  time  at  lO-foot  depth. 

4.3.3  Displacement  (Attenuation  with  Depth).  The  Integrations  of  the  SUmford  Research 
Institute  acceleration  data  are  at  present  the  only  displacement  data  available  for  Priscilla. 

These  data  arc  shown  In  Figure  4.16,  normalized  against  the  peak  displacement  at  5*fuot  depth. 
Additional  data  will  be  available  for  correlation  when  Sandla  Corporation  acceleration  and  long- 
span  displacement  gage  data  have  been  reduced  (Reference  15). 

The  attenuation  of  displacement  for  all  ground  ranges  except  the  lOO-psl  station  approximates 
the  attenuation  of  velocity.  Figure  4.9.  At  the  lOO-psI  station  the  displacements  below  5-foot 
depth  are  larger  than  would  be  expected  from  observations  at  the  other  stations.  From  the 
character  of  the  acceleration  records,  It  Is  suspected  that  a  refracted  ground  wave  was  super¬ 
imposed  on  the  direct  motion  Induced  by  the  main  air-blast  wave.  Due  to  the  direct  motion 
Induced  by  the  precursor,  It  Is  difficult  to  clarify  this  point  since  outrunning  cannot  be  definitely 
established.  Since  outrunning  occurs  at  depth  prior  to  outrunning  at  the  surface,  ground  wave 
Interference  is  not  unlikely  and  would  oqplaln  the  greater  displacements,  cf. ,  Figure  4.33, 
Tumbler  1.  The  Project  1.5  displacement  data  expected  on  Priscilla  ntay  clarify  this  point. 

It  should  be  noted  that  the  displacement-time  plots  are  probably  not  reliable  beyond  the  time 
of  peak  value.  The  truth  of  this  statement  was  demonstrated  when,  for  the  Project  3.5  data 
analysis  (Reference  16)  It  was  necessary  to  attempt  correlation  b«*hir<*en  the  Integrated  displace¬ 
ments  and  scratch  gages  attached  to  a  burled  structure.  Reading  the  acceleration-time  records 
out  to  much  later  times  and  using  the  scratch  gage  data  as  a  guide  to  proper  corrections  to  be 
applied,  it  was  found  that  the  vertical  displacements  behaved  differently  from  those  shown  in 
Figures  3.14  through  3.17.  The  primary  difference  was  that,  after  reaching  about  the  same  peak 
value,  the  Project  3.5  Integrations  decreased  steadily  to  almost  zero  clsplsrement  beyond  l.O 
second.  The  procedure  used  for  Project  3.5  Illustrates  the  distinct  advantage  of  having  an  Inde¬ 
pendent  measurement  with  which  to  guide  the  corrections. 


4.3.4  Stress  (Attenuation  with  Depth).  The  maximum  vertical  earth  stress  Is  plotted  versus 
gage  depth  tn  Figure  4.17.  For  each  gage  station  the  curve  has  beet.  Joined  to  the  maximum 
surface  overpressure  datum  point  (pleated  on  the  figure  at  1-foot  depth).  Maximum  stress,  as 
determined  by  Carlson-type  gages  on  Project  1.7,  is  also  plotted  for  the  1,050-foot  ground  range. 
There  Is  some  doubt  about  the  validity  of  comparing  Project  1.4  stress  measurements  with  those 
from  Project  1.7.  The  latter  gages  were  Immersed  In  a  large  back-filled  hole  and  the  20-foot 
deep  gage  was  positioned  on  the  bottom  of  the  excavation. 

The  attenuation  of  maximum  vertical  stress  between  the  surface  and  3  feet  Is  not  severe  and 
Is  greatest  at  the  first  and  last  station  instrumented;  the  attenuation  at  these  shallow  depths  Is 
probably  strongly  a  function  of  the  duration  of  the  overpressure  Input  pulse. 

The  marked  Increase  In  stress  at  50  feet  for  both  the  750-  and  1,050-foot  stations  Is  unex¬ 
pected;  however,  there  Is  little  reason  to  espect  these  larger  values  of  stress  to  be  caused 
over-registration  of  the  gage.  On  the  contrary  there  are  many  more  situations  which  could 
cause  undcr^ registration  of  the  Carlson  stress  gage  than  could  cause  serious  over-registration. 

The  pattern  of  attenuation  uf  vertical  stress  with  depth  between  0  and  30  feet  is  In  general 
agreement  with  the  attenuation  equation  proposed  on  the  basis  of  Upshot -Knot hole  data  (Refer¬ 
ence  1),  which  predicts  a  halving  oi  stress  for  each  10-foot  Increase  in  depth.  Point  by  point, 
the  data  of  Figure  4.17  depart  severely  from  this  attenuation  equation.  However,  the  fit  of  data 
Is  only  slightly  poorer  than  the  original  data  on  which  the  equation  Is  based.  The  SO-foot 
stresses,  howvver,  tend  to  deny  the  validity  of  this  attenuation  equation. 

Referring  to  Project  1.4  and  Project  1.7  results  phKied  on  Figure  4.17,  the  large  discrepancy 
between  the  maximum  stress  at  5  and  Id  ti"i,  measured  at  the  two  4djaeent  localir>ns.  is  readily 
apparent.  Since  no  systematic  U>havtor  is  4d>.erved  at  the  luti  locations,  it  is  difficult  to  rea^m 
that  the  tldferonres  are  due  only  to  tfu-  di.'f.  ft  nt  iilai'dio  :  jiT  n  .  blares  used  by  ine  two  protects 
(alsti  see  uave  t><rms  *4  Fi*;‘4re  3.23».  Since  tlw>.-  .-.s  rej>r«  s*-ni  -aide  vartatoms  m  stress 
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Figure  4.16  Attenuation  of  vertical  displacement,  Frenchman  Flat. 


response,  one  Is  not  very  encouraged  about  the  usefulness  of  a  limited  numlxjr  of  Carlson  gage 
results  in  predicting  ground  motion  and/or  structure  response. 

One  cause  of  decay  of  peak  stress  with  depth  Is  the  finite  duration  of  the  blast  wave  on  Shot 
Priscilla.  An  inspection  of  the  air-blast  wave  forms  shows  that  the  duration  of  the  main  peak 
of  the  blast  wave  was  relatively  short.  Measuring  between  points  of  arrival  and  one  half  the 
peak  pressure,  this  was  about  28  msec  at  750  feet  and  55  msec  at  1,050  feet.  By  rough  calcu¬ 
lations  of  trace  velocity,  those  correspond  to  a  wave  length  of  half-peak  pressure  of  only  about 
100  to  125  feet.  This  is  certainly  not  long  enough  to  be  considered  infinite  compared  with  gage 
depths  of  50  or  even  of  20  feet.  There  Is  reason  to  believe  that,  had  the  duration  been  much 
longer,  the  stresses  measured  at  20  and  30  feet  would  have  more  nearly  approached  the  peak 
air-blast  pressure. 

There  are  several  ways  of  looking  at  the  effect  of  changing  soil  characteristics  upon  the  at¬ 
tenuation  with  depth  of  maximum  vertical  earth  stress. 

One  is  to  assume  Initially  that  the  gages  record  true  free-fleld  phenomena  and  then  look  at 
the  effect  of  the  hard  and  soft  layers  upon  wave  reflection  patterns.  By  so  doing,  one  can  give 
a  possible  explanation  for  an  increase  (i.e. ,  negative  attenuation)  in  response  with  depth.  How¬ 
ever,  this  argument  applies  only  if  the  duration  of  the  peak  overpressure  Is  short  compared 
with  the  time  required  for  the  wave  to  be  reflected  once  again  at  the  earth’s  surface.  Moreover, 
it  is  Improbable  that  the  high  measured  stresses  recorded  at  50  feet  could  be  explained  on  this 
basis;  the  stress-time  curves  are  relatively  flat  in  the  region  of  maximum  stress  and  give  no 
indication  of  reflections.  Furthermore,  the  Project  1.7  20-foot  gage  was  at  the  bottom  of  the 
backfill  and  did  not  exhibit  an  increase  in  stress. 

Another  way  to  approach  the  problem  is  to  consider  it  statically  and  to  surmise  how  the  load 
at  the  surface  was  carried  down  through  the  soil.  During  the  backfilling  of  the  deep  holes  at 
Stations  4  and  6,  a  geophone  was  planted  in  each  hole  near  the  wall  at  a  depth  of  50  feet,  and 
measurements  were  made  of  the  travel  time  from  the  surface  to  each  geophone.  These  travel 
times  correspond  to  average  velocities  from  0  to  50  feet  of  1,390  ±  40  ft/sec  and  1,450  ±  60 
ft/sec,  compared  with  2,060  ft/sec  from  Shot  Points  1,  2,  and  3,  (Figure  2.6).  These  data 
imply  that  the  backfill  failed  to  reach  the  original  modulus  and  that  the  effect  of  this  condition 
reached  somewhat  beyond  the  edge  of  the  hole. 

On  the  assumption  that  the  stress  gages  were  placed  in  a  medium  of  uniformly  low  elastic 
modulus,  one  would  expect  the  measured  stresses  to  be  lower  than  those  of  the  free  field,  with 
the  stress  differences  largest  where  differences  in  elastic  modulus  (or  seismic  velocity)  are 
largest.  This  conclusion  Is  baaed  on  the  premise  that  the  boundary  between  lower  and  higher 
elastic  modulus  media  can  carry  vertical  shear.  This  assumption  is  good  for  the  undisturbed 
medium  and  probably  satisfactory  even  at  the  backfill-hole  wall  boundary.  Under  loading,  the 
two  media  will  undergo  much  the  same  strain;  hence,  the  stress  will  be  lower  in  the  media  of 
lesser  modulus. 

Note,  however,  that  the  local  seismic  velocity  at  40-  to  50-foot  depths  In  the  free  field  (Fig¬ 
ures  3.25  and  3.27)  is  only  slightly  higher  than  that  which  appears  characteristic  of  the  average 
at  the  750-  and  1,050-foot  stations.  This  fact  may  offer  a  possible  explanation,  in  the  light  of 
the  above  discussion,  of  the  higher  measured  stresses  at  both  50-foot  depths.  It  can  be  con¬ 
cluded  that  the  50-foot  stresses  are  more  Indicative  of  the  free-fleld  stresses  and  that  those 
measured  at  Intermediate  depths  were  depressed  due  to  the  lowered  modulus. 

Still  a  third  way  to  view  the  problem  of  explaining  the  stress  results  is  to  take  a  somewhat 
cynical  approach.  One  can  say  that  the  backfill  In  the  niche  around  the  stress  gages  at  20-  and 
30-foot  depths  was  not  well  compressed,  and  hence  these  gages  saw  only  a  minute  strenis. 

To  summarize,  it  is  probable  that  all  these  effects  arc  present  in  varying  degrees  of  severity. 
Suffice  it  to  say  that  it  is  dilHcult  to  determine  the  validity  of  the  free-fleld  earth  stress  results 
obtained  by  Project  1.4  on  Priscilla.  The  control  of  backfill  operations  during  Priscilla  was 
considered  optimum  and  extraordinary  care  was  taken  in  place.-ncnt  of  Carlson  gages;  still  the 
stress  measurements  appear  inconsistent  in»“rnully  and  hence  leave  much  to  be  desired.  It  is 
believed  at  this  tune  that  the  pre.s»*nt  concep^v  ..nd  method  of  earth  stre>s  measurement  may  bo 
in.idev|u.ile  and  misleatling.  Alternative  methoils  cannot  .la  yet  be  offiTed,  exci  pt  that  prooably 
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strciis  must  be  derived  from  other  primary  muahurements  such  as  strain  and  acceleration, 
which  are  more  Independent  of  hole  size  and  the  character  of  the  backfill. 

Reference  to  the  normalized  records  of  Figures  4.11  through  4.15,  reveals  some  Interesting 
facts  about  the  stress-time  wave  form  changes  with  depth.  At  Station  3  (Figure  4.12),  the  rise 
time  to  peak  stre.ss  increases  noticeably  from  5-  to  10-foot  depths;  however,  the  decay  of  stress 
at  both  depths,  is  comparable  with  the  decay  of  the  overpressure  input.  Figures  4.12  and  4.13 
include  the  results  at  Station  4;  here  no  significant  increase  in  stress  rise  time  is  noted  at  1-, 

5-,  and  10-foot  depths.  The  stress  records  at  20-  and  50-foot  depths  deviate  markedly  from 
the  input  overpressure-time  wave  form;  also,  they  do  not  resemble  each  other. 

At  Station  6  (Figures  4.14  and  4.15),  the  stress  rise  time  and  decay  follows  the  overpressure 
input  quite  closely  to  depths  of  10  feet.  At  20  feet,  the  rise  ‘ime  is  noticeably  longer  for  the 
stress,  whereas  at  30  feet  the  stress  record  is  strange,  and  at  50  feet  the  stress  response  to 
the  precursor  portion  of  the  input  wave  is  depressed  relative  to  the  peak.  The  one  comparison 
possible  at  Station  7  reveals  that  at  5-foot  depth  the  stress  record  followed  the  overpressure 
input  quite  faithfully. 

4.3.5  Strain  (Attenuation  with  Depth).  Due  to  the  full  or  partial  failure  of  eight  of  the  ten 
short-span  strain  gages,  the  strain-time  data  of  Project  1.4  were  rather  m'^ager.  On  some  of 
the  partial  records  it  was  possible  to  identify  the  maximum  vertical  strain  recorded  at  the  gage 
station;  thus,  the  measurements  yielded  a  total  of  five  peak  strain  values,  three  at  750-foot 
ground  range  and  two  at  1,050  feet. 

In  addition  to  the  strain  gage  measurements,  It  was  possible  to  compute  the  average  vertical 
strain  from  the  integrated  accelerations  (i.  e. ,  displacement-time  plots).  Using  the  strain-time 
results  as  a  guide  to  give  the  time  of  maximum  strain;  these  computations  were  carried  out  and 
are  listed  in  Table  4.2.  The  results  are  plotted  in  Figure  4.14  and  show  that  the  calculated  max¬ 
imum  average  strains  are  not  inconsistent  with  the  few  strain-time  measurements  obtained. 

This  takes  the  form  of  an  independent  check  and  leads  to  more  confidence  in  the  manner  in  which 
the  acceleration-time  records  were  integrated. 

The  data  of  Figure  4.18  indicate  that  at  the  750-foot  station  (275  psi  maximum  overpressure) 
the  peak  earth  strain  had  a  decided  attenuation  with  depth,  with  a  pronounced  decrease  between 
1  and  30  feet  below  the  ground  surface;  at  larger  depths  (to  50  fe.^t),  the  maximum  vertical  strain 
appeared  lO  level  off  at  about  5  parts  per  thousand.  On  the  other  hand,  the  data  obtained  at  1,050 
feet  (100-psi  overpressure  level)  showed  practically  no  change  in  maximum  vertical  strain  with 
increasing  depth;  in  fact,  there  was  even  a  slight  indication  of  larger  (negative  attenuation)  strain 
near  the  30-foot  depth.  The  reason  for  this  difference  in  behavior  was  probably  traceable  to  the 
character  of  the  input  overpressure-time  at  the  two  stations;  this  is  discussed  in  more  detail  in 
Section  4.4.4. 

It  is  noted  that  the  Station  4  strain  measurement  at  5-foot  depth  (4SV5A)  had  a  much  smaller 
peak  magnitude  than  indicated  by  the  computations  using  integrated  accelerations.  Also,  the  5- 
foot  measurement  was  even  smaller  at  maxima  than  was  the  10-foot  strain  at  the  same  station 
(4SV10).  Another  pertinent  point  can  be  made  upon  inspection  of  the  4SV5  gage  record  (Figure 
3.24).  The  record  indicates  that  although  the  overpressure  input  increased  from  a  precursor 
pressure  of  about  25  psi  to  a  peak  pressure  exceeding  225  psi,  a  nine-fold  increase,  the  strain 
merely  doubled.  The  4SVS0A  and  6SV50  strain  records  are  examples  of  characteristic  behavior 
in  this  regard. 

ft  must  be  concluded,  therefore,  that  the  4SV5  strain  measurement  was,  for  some  reason, 
erroneous;  the  true  peak  strain  at  this  position  was  significantly  larger  than  was  recorded. 


4.4  CaOUND  SHCXTK  AND  OVERPRE.SSURE 

4.4.1  Acceleration  (and  Overpressure).  To  compare  accelerations  on  the  basis  of  air-blast 
Input,  the  ratio  of  peak  acceleration  to  peak  overpressure  versus  overpressure  was  plotted. 
Figure  4.19  summarizes  all  5-(uot  depth  vertical  acceleration  observations  in  Frenchman 
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Flat.  Also  plotted  are  the  accoloratlon-ovcrpressurc  ratios  for  the  Priscilla  and  Upshot- 
Knothole  Shot  10  precursor.  The  measured  overpressures  at  Priscilla  Stations  2  and  4  appeared 
low  when  compared  with  pressure  data  of  previous  shots.  At  Station  2,  a  cable  break  occurred 
prior  to  recording  of  the  peak  overpressure.  The  source  of  the  apparently  low  pressure  at  Sta¬ 
tion  4  has  not  been  found.  Both  the  as-read  and  smoothed  data  points  are  Indicated.  The  accel¬ 
erations  Induced  by  the  main  air-blast  wave  decayed  rapidly  on  Priscilla  due  to  the  formation  of 
the  precursor  and  also  due  to  the  distance  effect  (Tumbler  data  discussed  below).  Taking  this 
Into  account,  the  Upshot- Knothole  Shot  10  Typo  1  overpressure  wave  form  accelerations  were 
In  agreement  with  those  of  Priscilla.  The  single  Upshot- Knothole  Shot  9  observation  appeared 


TABLE 
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lower  than  would  be  expected  from  Tumbler  Shot  1,  and  the  Priscilla  precursor  accelerations 
were  larger  by  about  the  same  amount.  In  general,  the  accelerations  appeared  to  be  larger  in 
the  Frenchman  Flat  area  than  in  the  Yucca  area,  not  however  by  an  amount  which  was  significant 
compared  with  the  scatter  of  data. 

Of  some  interest  were  the  peak  acceleration-overpressure  ratios  obtained  from  the  horizontal 
(positive  outward)  acceleration  observations  at  10-  and  50-foot  depths.  At  Station  4,  the  ratios 
were  about  one  third  those  corresponding  to  the  vertical  accelerations  and  at  Station  6,  although 
the  10-foot  depth  vertical  gage  was  lost,  the  50-foot  data  indicated  that  the  horizontal  and  vertical 
components  were  approximately  equal. 

The  ratio  of  peak  negative  acceleration  to  peak  overpressure  versus  overpressure  is  plotted 
in  Figure  4.20  for  Tumbler  Shots  1  and  2  (References  2,  17  and  18).  The  ratio  apiears  to  be 
fairly  independent  of  overpressure.  The  heights  of  hurst  of  both  Shot  I  and  Shot  2  were  suffi¬ 
ciently  high  that  no  precursor  formed  and  ail  overpressure  wave  fo'-ms  were  nearly  Ideal. 

Since  the  yields  were  nearly  Ideniical,  it  must  be  concluded  that  the  two  to  one  difference  in 
acceleraiion-preasure  ratio  must  result  from  dtfference.s  in  soil  proptTttes  bi'twion  the  French¬ 
man  Fl.ii  and  Yucca  lest  areas. 

Figure  4.21  comp.ires  the  thr«  e  Tunddi  r  .shots  detoiuted  i»\«t  thi-  .“^.inu-  portion  of  tin-  Yucca 
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test  area.  One  first  notes  the  marked  reduction  in  the  Shot  4  acceleration-pressure  ratio  at  10 
psi*  The  smaller  than  expected  accelerations  were  the  result  of  the  nonldcal  precursor  wave 
forms.  The  Type  4  overpressure  wave  form  has  the  largest  rise  time  and  hence  induces  the 
least  ground  acceleration.  As  soon  as  the  wave  forms  return  to  near  ideal  (Type  7),  the  accel¬ 
eration  assumes  Its  normal  value.  Taking  the  effect  of  overpressure  wave  form  into  considera¬ 
tion,  the  effect  of  device  yield  if  any,  dues  not  appear  to  be  discernible  within  the  scatter  of  data. 

In  Figures  4.20  and  4.21  there  is  an  obvious  tendency  for  the  acceleration-pressure  ratio  to 
increase  at  both  ends  of  the  pressure  scale.  When  the  data  of  Figure  4.21  arc  plotted  against 
ground  range  as  in  Figure  4.22,  there  appears  to  be  a  fair  correlation  with  distance.  This 
characteristic  may  be  due  to  changes  in  soil  properties  or  due  to  shock  wave  parameters  nut 
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Figure  4.18  Earth  strain  versus  depth,  Shot  Priscilla. 

considered,  e.  g. ,  shock  velocity  and/or  wave  front  curvature.  The  increase  In  acceleration 
ratio  at  close-in  stations  may  possibly  be  connected  with  the  latter  since  the  same  tendency  is 
observed  on  Tumbler  Shot  1  (Figure  4.20)  and  on  the  two  near  ideal  wave  forms  on  Priscilla 
(Figure  4.19).  This  point  cannot  be  clarified  at  the  present  time  due  to  insufficient  theoretical 
investigation  and  without  more  detailed  study  of  soil  properties  in  the  Yucca  area. 

The  remaining  set  of  observations  .it  S-fo«)t  depth  are  the  vertical  acceleration  data  of  Jangle 
HE-4  (Heferen-e  4),  2, SCO  pounds  of  TNT  deloiutecl  at  the  ground  surface.  The  acceleration- 
overpressure  r.itioA  .ire  plotted  in  Figure  4.23  atul  arc  consistent  with  prevutus  ubservatioio . 
Jangle  (ni  f  ’i  enee  10)  Vertical  .lecclerali'-n  tt.tl.i  are  .stoAii  tn  Figure  The  .-.catter  of 
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OVCKPRCSSUrtC-pti 

Figure  4.19  Vertical  acceleration,  Frenchman  Flat,  5-foot  depth 
(numbers  indicate  overpressure  wave  form). 


Figure  4.20  Vertical  acceleration.  Tumbler  Shots  1  and  2,  3-foot  depth 
(arrow  points  to  first  ground  wave  outrunning  wave  form). 
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Figure  4.21  Vertical  acceleration,  Tumbler  Shots  2,  3,  and  4.  5-foot  depth 
(numbers  adjacent  to  data  indicate  overpressure  wave  form). 
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Figure  4.22  Vertical  acceleration  at  5-fcot  depth  versus  ground  range.  Tun^lcr 
(arrows  point  to  first  ground  wave  outrunning  wave  form;  numbers  Indicate  over¬ 
pressure  wave  :  i  in). 
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thcHo  (lata  Is  much  groater  than  on  any  of  the  previous  experiments  discussed,  which  makes 
analysis  of  these  data  rather  tenuous.  The  attenuation  indicated  by  the  Jangle  S  10-foot  data 
appears  to  be  greater  than  that  observed  on  Tumbler  or  Priscilla,  as  was  discussed  earlier. 

The  vertical  acceleration  data  of  ’^reject  Mole  (Reference  3)  aboveground  detonations  arc 
shown  in  Figures  4.25  and  4.26.  Nevada  sand  and  gravel  mix  corresponds  to  the  soil  in  the 
Jangle  S,  HE-4  tost  area.  The  Utah  dry  clay  site  was  located  at  Dugway  Proving  Ground,  Utah. 

In  Figure  4.25,  although  the  scatter  of  data  is  large,  (note  that  acceleration-pressure  ratios 
are  plotted  on  logarithmic  scales),  no  systematic  variation  with  height  of  burst  is  to  be  found. 
Secondly,  the  range  over  which  the  acceleration-overpressure  ratio  extends  is  an  order  of  mag¬ 
nitude  large,  i.  e. ,  the  ratio  is  more  dependent  on  overpressure  (or  ground  range)  than  that  of 
the  large  HE  (Jangle  HE-4)  or  nuclear  (Jangle  S)  detonations  in  the  same  area.  This  trend  to¬ 
ward  higher  ratios  at  the  extreme  ground  ranges  is  observed  however  in  Tumbler  .Shots  2,  3, 
and  4  and  may  be  connected  with  outrunning  of  the  ground  wave. 

In  Figure  4.26  the  dependence  on  overpressure  is  not  as  pronounced,  and  the  accelerations 
appear  to  be  a  factor  of  two  larger  than  those  of  Figure  4.25  for  pressures  greater  than  30  psi. 


4.4.2  Velocity  (and  Overpressure).  Subsequent  to  outrunning  of  the  gro*md  wave,  thv  velocity - 
Jump  overpressure  ratio  increases  with  decreasing  overpressure  (or  increasing  ground  /ange). 
This  observation  la  in  conformity  with  elastic  theory  (private  communication  with  J.  K.  Wright, 
AWRE).  Prior  to  outrunning,  the  ratio  should  be  Independent  of  pressure.  All  5-foot  depth 
peak  velocity  data,  where  the  air  blast  was  superseismic,  are  shown  in  Figure  4.27;  80  percent 
of  the  data  fall  within  a  velocity-pressure  ratio  range  of  0.04  to  0.06.  There  appears  to  be  no 
systematic  variation  with  either  yield,  overpressure  level  or  wave  form,  or  test  area.  The  last 
conclusion  is  at  variance  with  the  behavior  of  the  acceleration  data. 

The  data  shown  in  Figure  4.27  may  be  compared  with  the  theoretical  result. 


Uy  _  1  ^  32.2  X  144 
P  ‘  pCl  *  dO  X  1,600 


0.032 


ft/sec 

psi 


Where  the  soil  density  is  taken  at  90  pcf,  and  from  Figure  3.30,  at  5-foot  depth  is  1,600 
ft/ sec.  The  agreement  between  theory  and  experiment  appears  extremely  good,  especially  if 
one  recognizes  the  approximate  nature  of  the  theoretical  result.  Secondly,  the  true  seismic 
velocity  in  the  first  5  feet  is  difficult  to  measure  accurately:  the  estimated  error  is  of  the  order 
of  30  percent.  The  large  seismic  velocity  gradient  also  presents  both  a  theoretical  and  practi¬ 
cal  problem. 

The  velocity  of  propagation  of  ground  motion  may  be  determined  directly  during  an  experi¬ 
ment  from  the  arrival  time  of  ground  motion  and  the  air  blast  arrival  over  the  gage  location. 

This  calculation  was  made  for  Priscilla  using  arrival  times  at  10-foot  depth.  These  calculations. 
Table  4.3,  lead  to  the  conclusion  that  the  average  propagation  velocity  of  ground  motion  between 
the  surface  aitd  10-foot  depth  is  less  than  1,000  ft/ sec.  If  the  average  velocity  of  Table  4.3  is 
used  In  the  previous  calculation  one  arrives  at  the  result, 


P 


0.060 


The  fact  thal  the  high  amplitude  etress  wave  propagates  slower  ihan  the  seismte  wave  is  not 
unexpected  in  view  of  itw  theorellcal  Ireatment  of  von  Karman  and  Duwez  (Reference  20)  of  wave 
propagation  in  plaslic  solids.  However,  .iddiiional  treatment  of  this  observation  ts  required  bt*- 
fore  deiinite  ctjnriur.iims  can  tn*  di'rived. 

VeUx  ily-jump-tjverpressure  rattus  for  Tumbler  Shots  1  Ihrouv.h  4  are  >hown  in  Figures  4.28 
through  4.31.  All  daia  diNpiayed  in  Kigur«*  4.28  have  been  reintegraled  :».•»  oullim-vl  in  Appendix 
I>ata  in  Ftgurc.s  1.25  Ihioue.h  4.31  hav,-  i>« «  n  reit.iegraii  d  only  ftu  thi»:.»-  stations  wh«Te  the 
bla.''l  wave  i>  Muper Net. Mine  (Ihe  fir;.l  >talioi»  at  *'hti  h  tlie  ur»»und  wave  tmUuns  t.'.  al.>o  uiclud«  d). 
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Figure  4.23  Vertical  acceleration,  Jangle  HE-4,  5*foot  depth 
(/ indicates  interpolated  overpressure  data). 


Figure  4.24  Vertical  acceleration,  Jangle  S. 
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Figure  4.25  Vertical  acceleration,  Project  Mole, 
Nevada  land  and  gravel  mix,  5-foot  depth. 


F injure  4. 2(j  Vertical  accdci  jUon,  Project  .\lt»lc,  Utah  dry  clay,  5 -fool  depth. 
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Figure  4.27  Vertical  velocity,  5-foot  depth,  summazy  of  superseismic  data. 


Figure  4.28  Vertical  velocity,  Tumbler  Shot  1,  5-foot  depth. 
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The  remaining  tluta  are  Ihe  original  reiwrieil  results.  In  Flg\ire  4.32  arc  shown  ail  b-f<K»t  ver¬ 
tical  velocity  ubserv.'itions  in  Frenchman  Flat. 

The  horizontal  outward  velocity  at  Station  4  on  Shot  Priscilla  gave  a  peak  value  at  10-  and 
50-foot  depths  which  is  about  one  sixth  the  maximum  downward  velocity  at  the  same  locations. 
Although  the  10-foot  vertical  accelerometer  record  at  Station  G  was  lost,  the  comparison  at  50 
feet  reveals  that  the  maximum  outward  velocity  was  less  than  one  half  the  peak  downward  ve¬ 
locity.  The  apparent  relative  increase  in  the  outward  component  as  one  goes  to  increasing 
depths  and  ground  ranges  Is  due  to  the  greater  Influence  of  signals  from  remote  sources  upon 
the  ground  motion. 

4.4.3  Displacement  (and  Overpressure).  The  peak  vertical  displacement-positive  overpres¬ 
sure  impulse  ratios  at  5-foot  depth  for  all  records  analyzed  to  date  are  shown  in  Figure  4.33. 
Some  remarks  oti  the  Priscilla  results  are  petUticnt.  First,  the  5-foot  depth  displacement  at 

TADLt  -1.3  AVtIlAGK  PHOPAGATION  VK- 
LCXJITY  (JF  UlltKCT  WAVK,  0 
TO  10  FKLT.  SHOT  PHISCILLA 


Overpressure 

psi 

ft/sec 

5S0 

6R5 

440 

660 

340 

960 

27S 

1,060 

310 

7SS 

too 

830 

60 

980 

Average  value 

860 

Station  2  has  been  estimated  from  the  displacement  at  10-foot  depth.  Point  e  of  Figure  4.33, 
and  the  attenuation  of  displacement  with  depth  (Figure  4.11).  Second,  the  overpressure  and 
impulse  at  Station  3  have  been  estimated  by  a  reasonable  Interpolation  between  Stations  1  and  3. 

The  smaller -than- expected  displacement  at  Station  1  on  Priscilla  has  been  checked  and  is 
further  verified  by  the  10-foot  depth  displacement. 

Considerable  variation  exists  between  the  Tumbler  displacement  impulse  ratios.  No  further 
correlation  appears  evident  through  consideration  of  device  yield  since  the  variation  of  displace¬ 
ment  impulse  ratio  is  not  systematic.  The  agreement  between  Tumbler  4  and  Priscilla  is  en¬ 
couraging  but  possibly  fortuitous. 

Figure  4.34  displays  reed-gage  displacement  data  for  a  number  of  Plumbbob  detonations  in 
the  Yucca  test  area  (Reference  21).  Positive  impulse  values  have  been  estimated  from  meas¬ 
ured  overpressures  and  device  yield  using  the  correlation  presented  in  Appendix  D.  The  ver¬ 
tical  lines  adjacent  to  each  datum  point  Indicate  the  possible  error  involved  in  this  estimate. 
Corresponding  displacements  have  been  computed  from  Priscilla  accelerograms  (Section  4.5). 
The  same  degree  of  variation  is  evident  between  these  data  as  was  found  in  Figure  4.33. 

The  reasons  for  the  wide  scatter  of  displacement  data  are  not  known.  The  only  conclusions 
which  appear  valid  at  the  present  time  are  that  approximately  the  same  degree  of  variation  ex¬ 
ists  in  Frenchman  Fiat  a-s  between  the  Frenchman  Fiat  and  Yucca  test  areas,  and  that  displace- 
m^»‘.:s  twice  those  oi'^erved  on  Priscilla  are  possible  for  similar  geological  condiUtMts. 

The  variation  of  displacement- impulse  ratio  with  peak  m'erpressure  is  not  surprising  phe* 
nomenologtealiy;  however,  from  an  empirical  pre<flcllon  standpoint  it  would  be  desirable  to 
eliminate  such  a  dependency.  Sever.*!  iiu)uiru  »  have  lieen  made  along  thc*»e  lines,  4:k1  it  ap¬ 
pears  possible  tiut  di3kplacemer.l  may  tie  prup^trlbmal  to  that  fraeiion  of  overpre^vjre  tmptilse 
aisiVe  a  cerUin  pte»»uiv  oi  to  lhat  it  action  of  .iver|ire.*>urc  itr.pui-c  .teltvered  pn-tr  to  a  eer- 
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Figure  4.29  Vertical  velocity.  Tumbler  Shot  2,  5-foot  depth 
(/iadicatea  aa-reported  data). 


Figure  4.30  Vertical  vel<>cily,  Tuinljlcr  Shot  n,  5-fool  depth 
(/  itKikaici  as-rcptjrled  data). 
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Figure  4.31  Vertical  velocity.  Tumbler  Shot  4,  5-foot  depth 
(/indicates  as-reported  data). 


Figure  1.33  Vcriic:U  velocity.  Frenchman  Flat,  S- foot  depth 
(numbers  ruljucent  to  data  Indicate  overpressure  wave  form). 
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Figure  4.34  Summary  of  rced-guge  data  (displacement  spectra), 
Nevada  Test  Site  (o  indicates  estimated  value). 
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tuln  fixed  time  duration.  Additional  work  in  this  area  is  required  before  any  conclusions  can 
be  presented. 

In  any  analysis  of  vertical  displacement,  examination  of  the  validity  of  the  double  integration 
of  acceleration  is  worthwhile  effort.  As  previously  mentioned,  most  first  integrations  of  accel* 
oration  lead  to  nonxero  velocities  at  the  end  of  the  record.  Provided  the  velocity  baseline  shift 
is  linear  and  one  is  able  to  make  a  reliable  estimate  of  the  time  of  zero  velocity,  the  second 
integration  affords  little  difficulty.  Prior  to  Priscilla,  however,  data  did  not  exist  which  would 
serve  as  an  independent  check  on  the  results  obtained.  The  Priscilla  long-span  strain  gage  data 
now  provide  this  opportunity.  In  Table  4.4  a  comparison  is  made  between  the  Sandia  long-span 
strain  gage  results  and  the  Stanford  Research  Institute  double  Integrations.  Only  near-surface 
data  are  compared  since  strain  gage  data  at  depth  have  not  yet  been  reduced.  The  agreement 
between  these  two  IndcpetKlent  measurements  Is  surprisingly  good,  except  at  1,350-foot  range. 
One  can  speculate  that  the  Sandia  anchor  at  200  feet  at  this  station  would  be  most  influenced  by 
remote  source  signals,  thereby  reducing  the  apparent  near- surface  peak  displacement.  How¬ 
ever,  this  type  of  reasoning  is  dangerous  without  more  complete  data.  It  should  be  noted,  how¬ 
ever,  that  the  capability  of  the  integration  method  to  lead  to  valid  permanent  displacements  is 
severely  limited. 

4.4.4  Strain  (and  Overpressure).  Reference  to  Figure  4.18  indicates  quite  a  different  peak 
strain  attenuation  with  depth  at  the  two  stations  instrumented  (750-  and  1,050-foot  ground  range). 
The  reason  for  this  difference  may  be  traced  to  the  different  character  of  the  inputs  at  the  two 

TABLE  4.4  '.'OMPARISON  OF  MAXIMU.M 
TRANSIENT-VERTICAL  DIS- 
?LACEMENT,  SHOT  PRISCILLA 


Ground  Rsngi 

Maximum  Displacement 

SRI,  5  ft  • 

Sandia,  3  ftt 

it 

h 

ft 

650 

0.84 

U.S2 

850 

0.52 

1,050 

0.27 

0.23 

1,350 

0.34 

0.11 

*  Double  inUgrtUon  of  acceleration, 
t  Long-span  displacement  gage, 
t  Cable  break;  displacement  estimated. 


stations.  At  SUtion  4  (750-foot  ground  range),  the  precursor  pressure  of  about  25  psi  precedes 
a  rise  (in  about  5  msec)  to  228-psi  peak  overpressure.  By  contrast,  the  input  at  Station  6  indi¬ 
cates  a  precursor  pressure  of  20  psi  and  rises  to  only  104-psi  peak  in  about  IS  msec. 

Probably  the  rise  time  associated  with  the  input  overpressure  assumes  the  greatest  impor¬ 
tance  when  considering  earth  strain,  particularly  near  the  ground  surface.  Measurements  ol 
seismic  velocity  indicate  that  the  weathered  layer  at  Frenchman  Flat  extended  to  depths  of  5  or 
more  feet.  It  is  feasible  that  an  overpressure-time  input  such  as  4B  (Figure  3.1)  would  pro¬ 
duce  large  strains  in  such  a  layer,  whereas  the  8B  input  would  not.  The  few  strain  measure¬ 
ments  obtained  by  Project  1.4  severely  limit  firm  conclusions  concerning  the  phenomenology. 

4.$^  RESPONSr  SPECTRUM  OF  GROUND  MOTION 

4.5.1  Theory.  The  response  spectrum  is  defined  as  the  maximum  response  of  a  linear, 
single  degree  of  freedom,  spring  mass  system,  relative  to  the  motion  of  ground.  Such  a  sys¬ 
tem  is  shown  in  Figure  4.35. 

The  equation  of  motion,  in  terms  of  the  relative  displacement,  x,  is  (dot  superscript  denotes 
differentiation  with  respect  to  time.) 

X  •  2n  X  •  J  X  ■  -a(t) 
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Where:  n  Is  the  ratio  of  damping  to  critical  damping 

(if  -  undamped  natural  frequency^  -  k/m 
m  -  mass  of  system 
k  «  spring  rate  of  system 
a  ■  ground  acceleration 
t  s  time 

Development  of  this  equation  may  be  found  in  any  standard  text  on  dynamic  motion,  or  in  Ref¬ 
erences  22  and  23. 

Let  y  «  X  and  integrate  once,  resulting  in 
y4-2nwy>u;’y  * -u(t) 

Where  u  Is  ground  particle  velocity.  Let  z  «  y  and  integrate  once  again, 
z>2nwz>(i;^z  ■  -s(t) 

Where  s  is  ground  displacement. 

These  equations  demonstrate  that  the  response  may  be  calculated  from  knowledge  of  any  one 
of  the  ground  motion  parameters,  acceleration,  velocity,  or  displacement. 

Three  response  spectra  may  be  defined: 

Iximax*  displacement  (response)  spectrum 

wlxlmax*  ^  velocity  (response)  spectrum 

u»^txlwtq^»  the  acceleration  (response)  spectrum 

The  velocity  spectrum  is  proportional  to  the  maximum  strain  energy  per  unit  mass  for  an 
instantaneous  applied  force  and  no  damping, 

I  •  ^ 

p  »  «  • 

For  a  small  amount  of  damping,  n  ^  0,  the  acceleration  spectrum  equals  the  maximum 
absolute  acceleration  of  the  mass,  q . 

One  has 

X  ■  q-sorx  ■  q-a 
From  the  equation  of  motion  ( n  •  0) 

X  ♦  a  --w^x. 

Hence 

Wlma*  •  max* 

A  few  characteristics  of  response  spectrum  may  now  be  illustrated.  Take  the  second  form 
of  the  equation  of  motion.  The  ground  particle  velocity  may  bo  characterized  by  a  peak  value, 
um*  and  a  duration  T,  as  in  Figure  4.36,  i. e.,  u/U|^  «  4(r)  and  t  «  Tr. 

Let  Y  •  (y/umIT*  and  Q  ^  wT.  then  Y  •  2n  (1  Y  ♦  0*  Y  »=  -4‘(r). 
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The  velocity  spectrum,  ttt  a  single  valued  function  of  n  only. 

But 


«>vlmax 


.  I^lmax 
«m 


Hence  ((<>ixl|„2j()/u,j)  Is  also  a  single  valued  function  of  ufT  as  In  Figure  4.37a. 

In  Figure  4.37b  the  velocity  spectrum  of  Figure  4.36  is  displayed  for  large  T,  large  yield 
devices  and  small  t,  small  yield  devices.  The  peak  value  of  change  pro¬ 

vided  the  peak  particle  velocity  docs  not  vary,  t.e. ,  constant  overpressure.  However,  the 
curve  shifts  toward  the  lower  frequencies  as  the  yield  increases.  These  statements  are  true 
only  If  ^r)  Is  Invariant. 

In  the  same  manner  It  may  be  shown  that 


^**max 

dm 


*  /t  (wT) 


.  /,(uT) 
*m 


Where  dm  and  am  sre  the  peak  ground  displacement  and  acceleration,  respectively. 

As  the  frequency  w  (or  more  rigorously  wT)  approaches  scro,  the  response  txlmmc  Approaches 
the  peak  ground  displacement.  At  Urge  values  of  w  (wT)  the  response  approaches  the  peak  accel¬ 
eration  divided  by  .  Hence  as  w  -  >  0 

•»'niax  ~  '  uq,  t/  ^  ir 

9  —m 
and 


wlxl 


^  C|«T 


“m 


where 


As  w— >  • 


•  y'  — 

'  «m 


dr 


w^lxl 


max 


*m  • 


“m.  d/(u/um) 
T  dr 


mar 


and 


Um 


where 


Cj 


d  (U/Um> 

dr 


max 


The  ctjiuiiunni  under  which  ihe  vetocity  iipcetrum  may  be  acaled  as  in  Kiio^re  4.37b,  require 
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Figure  4.35  A  linear,  single-degree-of-freedom  system. 


Figure  4.36  Schemttlo  diagram  of  ground  particle  velocity. 


Figure  4.37  Schematic  diagram  of  velocity  spectrum. 
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that  the  maximum  displacement  at  constant  overpressure  (u,,,^  is  proportional  to  overpressure) 
vary  as  T  and  that  the  peak  acceleration  at  constant  overpressure  vary  as  T**'.  That  is,  all 
details  of  the  velocity  time  history  must  scale  in  a  consistent  manner. 

4.5.2  Measurements.  The  displacement  spectrum  may  be  determined  either  by  direct  meas¬ 
urement  with  reed  gages,  by  numerical  calculation  of  the  response  of  a  linear  system  to  the 
ground  motion,  or  through  use  of  the  electrical- mechanical  analogy  by  converting  the  measured 
ground  motion  into  an  electrical  signal  (Reference  24).  All  methods  will  produce  Identical  re¬ 
sults  provided  certain  precautions  are  taken*  An  excellent  example  of  equivalent  results  ob¬ 
tained  by  direct  measurement  and  the  analog  calculation  is  presented  in  Reference  25. 

Reed  gages  should  be  constructed  so  that  their  springs  remain  linear  up  to  the  maximum 
response  nufasured.  The  damping  should  be  linear,  l.e. ,  viscous,  up  to  the  maximum  response. 
The  percent  of  critical  damping  should  be  known  and  preferably  should  be  small  and  approxlnutely 
the  same  for  each  spring  of  the  set. 

The  accuracy  of  numerical  or  analog  calculations  of  the  response  depends  first  on  the  accu¬ 
racy  of  measurement  of  the  ground  motion,  1.  e. ,  the  accelerogram.  As  discussed  in  Appendix 
C  an  accelerometer- galvanometer  system  will  yield  faithful  results  If  its  natural  frequency  is 
more  than  twice  the  fundamental  frequency  observed  In  the  ground  motion,  and  hence  It  is  un¬ 
wise  to  calculate  response  spectrum  for  frequ^nn-j  greater  than  half  the  accelerometer  or 
galvanometer  frequency,  whichever  is  smaller. 

Secondly,  the  accuracy  of  numerical  calculation  depends  on  the  fineness  of  the  calculation 
network,  1.  e. ,  the  time  interval  between  successive  readings  of  the  record.  In  relation  to  the 
sophistication  of  the  Integration  program.  The  time  Interval  is  usually  limited  by  the  precision 
of  the  time  base  on  the  original  record  (0.5  msec  on  ?riscllU,  1  msec  on  previous  operations). 
The  integration  program  selected  Is  a  compromise  between  the  cost  of  running  a  complex  com¬ 
putation  and  the  maximum  frequency  to  which  the  computations  are  carried.  For  example,  the 
simplest  program,  using  the  paiUcle  virlucUy  as  the  u  ntl,  appears  to  give  reliable  results  for 
the  majority  of  the  Priscilla  records  to  a  frequency  of  250  radians/sec  (40  cps).  To  compute 
the  response  of  a  lOO-cps  system,  a  more  complex  (and  costly)  program  must  be  written. 

This  second  consideration  is  not  usually  a  limiting  factor  In  analog  calculations.  However 
a  necessary  conditloit  for  both  calculations  Is  that  the  velocity  at  the  end  of  the  pulse  be  aero. 

This  Is  of  major  Impiirtance  at  low  frequencies  and  becomes  less  important  as  the  frequency 
Increases  (Reference  26).  The  importance  of  correcting  for  the  baseline  shift  discussed  in 
Appendix  C  is  now  lurther  emphasised. 

Response  spectra  fer  all  the  Priscilla  ground  motion  data,  excepting  Sutions  2*  5VS,  and 
5V10  have  been  calculated  to  a  frequency  of  150  radlans/sec  (24  cps)  and  about  half  these  have 
been  extended  to  250  radians/sec  (40  cps).  Sution  2V5  was  eliminated  due  to  a  spurious  elec- 
tiical  signal,  and  5V5  and  5V10  were  eliminated  because  of  cable  breaks.  Displacement  response 
spectra  are  siiown  in  Figures  4.56  and  4.39  and  the  corresponding  velocity  response  spectra  in 
Figures  4.40  and  4.41.  in  Figures  4.40  and  4.41  are  shown  the  asymptotic  values  as  w— >0 
(Curve  A)  and  as  u— >•  (Curve  B).  in  Figure  4.42  are  shown  a  selected  nuihber  of  accelera¬ 
tion  spectra.  The  calculations  have  obviously  not  been  carried  to  frequencies  high  enough  to 
determine  the  maximum  of  the  acceleration  spectra. 

The  results  of  Figure  4.31  indicste  t  fiat  response  to  10  radians/'sec  (1.6  cps).  A  reed  gage 
frequerxiy  of  t.5  cps  would  respond  genertUy  within  10  percent  error  in  maximum  transieni 
vertical  and  horiiootat  displacements.  The  spectra  arc  smooth  out  to  and  Including  Station  4 
(275  psi).  Thtt  spectra  at  Statton  6  (100  psi)  begin  to  assume  a  Jagged  character  which  becomes 
more  pronounced  at  Station  7  (60  psi)  as  the  frequency  Increases. 

The  overpressure  wave  forms  from  Station  3  (340  psi)  on  were  precursor  Type  1,  Appendix 
A.  The  only  aigniflcuM  difference  in  the  shape  of  the  overpressure- time  curve  was  increased 
precursor  duration  and  rise  time  ot  the  main  overpresi»urc  pulse  at  the  larger  ground  ranges. 
Hence,  it  does  not  apjK'ar  lhal  the  change  in  character  o*  the  response  can  be  associated  with 
the  local  ground  wave  but  rather  that  it  results  from  inlt  rfcrcncc  of  the  refracted  ground- 
iransmittid  wave. 


99 

SECRET 


Kis«r«  4  Kbot  PriaeilU  *«rUc>l  dUpUoeiMat  •pwlra,  OJt  pcreci*  ertttcal  <Unpla(.  m*  «c<».4 


MaaiMiva  OitptoctfliaMt,  ft 


Pisuro  4.38  Conlinucu. 
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Figuro  4.39  Shot  PritciUn  horitontal  ditplaoomont  tptctro, 
0.5  percont  crIUcol  dampinit. 
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Thin  conclunlon  U  mipportcd  by  ctono  examination  of  the  acceleration  recortin.  At  Station  4 
(375  pul),  the  ground  wave  haa  not  yet  outrun  the  main  alr-blaat  wave  but  arrlvea  allghtly  behind 
the  direct  algnaU  The  Interference  la  moat  pronounced  at  the  20-  and  30-foot  depllui.  At  Sta- 
tiona  0  (too  pal)  and  7  (60  pal),  the  ground  wave  a|H)cara  to  be  outrunning  the  main  blaat  wave 
but  not  the  precuraor.  Thla  la  poaaihle  alnce  the  precuranr  propagation  velocity  at  theae  ground 
rangoa  la  roughly  twice  the  main  wave  velocity. 

Thla  example  llluatratea  one  of  the  Inherent  advanlagea  of  accclerograma  over  reed-gage 
data  In  that  algnlflcant  Information  may  be  loat  when  an  attempt  la  made  to  rediKo  primary  data 


Figure  4.40a  Vertical  vetocliy  apectra,  S-foot  depth.  Shot  FrtaclUa. 

at  the  biainimeiii  UaeU.  However,  the  reed  gage,  or  preferably  a  diaplareniefit-tlaM  meter, 
baa  llm  advantage  of  beii«  laaenaltlve  to  the  type  of  baaellne  correcHon  which  appears  necessary 
to  the  tmegration  of  accelerograma.  Theae  commenia  point  out  that  neither  accelere;»etera  nor 
reed  gagea  (or  other  dlsplacemeiii  metera)  are  completely  aell  aufflcient  and  that  the  meal  ad- 
vanugeoua  Inatrumemailon  probably  wilt  conaiai  of  both  lypea  placed  aa  a  pair  rather  than  aa 
aepurale  enllllea. 

4.5.3  Correlation  and  Seating.  The  Ration  of  cor  relation  and  seating  of  the  reapoaae  apecira 
U  now  conaldered.  In  Flgurea  4.43  and  4.44  are  shown  the  vertical  veloetiy  apeetra  for  I-  and 
lO-fooC  depth  normalised  in  ikw  manner  Indicated  in  the  section  on  theory.  OuU  fer  the  tOO-  and 
IO-p»i  stations  are  not  ahown  due  to  the  tnterlrrence  of  the  ground  wave,  and  data  for  the  SS0-p»i 
station  are  not  »l»wn  dse  to  the  anomaloun  (lowl  values  «4  prah  diMplacentrni  at  this  station. 

The  vrtocily  spectra  •mvrv  eboMm  over  the  dt»placemvnt  and  accetvraiioo  eperira  since  the 
‘^xinua*  ***’*»  maximum  rorr-y  prr  unit  nus».  is  one  of  its*  principal  factors  in  ticsigti  oi 
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Figure  4.40d  Vertical  velocity  epectra,  100  psi,  Shot  PrieoUla. 
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shock  Isolation  equipment.  Since  the  displacement  and  acceleration  arc  both  known  functions  of 
the  velocity,  they  may  be  easily  derived  from  Figures  4.43  and  4.44.  For  T,  the  normalizing 
factor  for  w  (Section  4.5.1),  the  overpressure  positive  phase  duration  is  u.scd,  again  as  a  matter 
of  convenience,  rallier  lliun  the  duration  of  the  velocity  pulse.  Whether  or  not  this  serves  to 
correlate  the  data  consittutes  a  test  of  the  validity  of  the  procedure.  Furthermore,  the  over¬ 
pressure  duration  is  a  known  quantity  independent  of  the  ground  motion,  a  factor  necessary  for 
scaling  to  larger  yields. 

The  smoothed  curves  of  Figures  4.43  and  4.44  are  identical,  which  is  encouraging;  however, 
the  variation  in  T  is  only  25  percent  and  hardly  constitutes  a  valid  test. 

The  normalized  velocity  spectra  for  50-foot  depths  are  shown  in  Figure  4.45  and  compared 
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Figure  4.41a  Horizontal  velocity  spectra,  275  psi.  Shot  Priscilla. 


with  the  spectra  for  5-  and  10-foot  depths.  The  normalized  value  docs  not  change  significantly 
although  the  frequency  at  which  this  maximum  occurs  decreases.  Table  4.5  summarizes  the 
maximum  ratios  for  all  gages.  The  average  ratio  for  all  vertical  gages  except  SUtion  7  (60  psi) 
is  approximately  1.2;  at  Station  7  the  ratio  is  greater  than  2  due  to  the  ground  wave.  Note  tiiat 
for  all  horizontal  gages  the  maximum  value  of  the  normalized  velocity  is  greater  than  two. 

The  normalized  horizontal  spectra  for  the  10-  and  SO-foot  depths  are  shown  in  Figures  4.46 
and  4.47.  The  100-  and  275-psi,  SO-foot  depth  and  the  100-psi,  10-foot  depth  spectra  are  sim- 
il.ir  while  the  275-psl,  10-foot  depth  exhibits  marked  differences. 
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Figure  4.42  Shot  Priscilla  vertical  acceleration  spectra, 
0.5  percent  critical  dainping. 


Figure  4.43  Normalized  vertical  velocity  spectra,  Priscilla 
5-foot  depth,  0.5  percent  critical  damping. 


Figure  4.44  Normalized  vcrtic.nl  velocity  spectra,  Priscilla 
10-foot  depth,  0.5  percent  critical  damping. 
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Figure  4.45  Normalized  vertical  velocity  spectra,  Priscilla 
SO-foot  depth,  O.S  percent  critical  damping. 


Figure  4.4*i  Normal  I  zed  horizontal  velocity  spectra,  Priscilla 
10-foot  depth,  0.5  iKTcenl  critical  damping. 
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4.6  SOIL  STRESS-STRAIN  CONSIDERATIONS 


4,6.1  Soli  Survey  Teats,  a  pari  of  Project  3.8  curried  out  by  Waterways  Experiment 
Station  (Reference  14),  tlw  comprcsjiibllity  characteriutlcH  of  the  undisturbed  foundation  were 
determined  using  four  types  of  tests.  A  modulus  of  deformation  was  determined  from  consoli¬ 
dation  test  data  using  the  slope  of  the  stress-strain  curve  in  the  first  cycle  of  loading  at  applied 
stresses  of  50  psi  and  100  psi.  The  modulus  of  compression  was  determined  using  the  maximum 
slope  of  the  stress-strain  curve  from  constant  ratio  of  applied  stress  trlaxial  tests.  A  compres¬ 
sive  modulus  was  determined  from  soniscope  test  data  using  conventional  procedures.  A  modu- 

TADLE  4.5  MAXIMU.M  OK  NOHMALIZED  VELOCITY 
SPECTRUM.  SHOT  PRISCILLA 


Depth 

Ovcrprcs:;ure 

"Witiax 

f  Umax 

Vurticai 

liorizonul 

R 

psi 

1 

275 

1.32 

too 

1.29 

— 

8 

550 

1.22 

... 

340 

1.34 

275 

1.22 

— 

too 

l.SO 

— 

SO 

0.9S 

— 

10 

550 

1.30 

440 

1.18 

... 

540 

1.33 

275 

1.08 

2.0 

too 

.... 

2.0 

SO 

1.52 

30 

275 

1.33 

too 

1.31 

— 

30 

275 

1.48 

too 

1.18 

— 

50 

275 

1.17 

l.f 

liM 

1.28 

3.3 

lus  of  elasticity  was  determined  using  dSta  from  field  plate  bearing  tests.  The  data  from  the 
above  tesU  which  are  pertinent  to  Project  1.4  are  summarUed  In  Table  4.6. 

Looking  at  Table  4.6,  based  upon  the  consolidation  test.  It  may  be  noted  that  the  modulus  of 
deformation  for  the  natural  soU  generally  increased  with  an  Increase  in  applied  stress.  It  was 
higher  also  for  stresses  applied  parallel  to  the  stratification  than  for  stresses  applied  normal 
to  the  stratUicatlon.  It  Is  also  noted  that  the  modulus  for  the  compacted  backfUl  assumed  values 
somewhat  higher  than  for  the  natural  soil. 

VarUtlon  in  soil  modulus  for  different  t>'pes  of  tests  is  to  be  expected.  The  rale  of  applica¬ 
tion  and  duration  of  load  undoubtedly  Influence  the  magnitude  of  the  soil  modulus.  The  conaolt- 
datlon,  trlaxial,  and  load-bearing  testa  are  relatively  alow  tests,  whereas  tht  soniscope  test 
Is  snalogous  to  a  rapid  test  wherein  the  load  is  applied  for  a  short  period  of  time.  Ot.^er  factors 
such  as  side  wall  friction  for  the  consolidation  test  specimens  and  tht  distribution  of  str%'ss  In 
the  trlsxlal  test  specimens  also  undoubtedly  Influence  the  test  results. 

Figures  4.48  and  4.46  present  typical  examples  of  stress-strain  diagrams  taken  from  the 
Project  3.6  report.  The  consolidation  lest  results  (Figure  4.49)  show  a  characteristic  slow 
take-off  at  low  stress  on  the  first  compression  cycle;  the  second  cycle  loading  curve  docs  not 
display  this  behavior  to  the  same  ciegrt  e.  This  bi'havior  might  be  due  to  some  sample-appuralus 
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Figure  4.47  Normalized  horizoidal  velocity  spectra,  Priscilla 
50-foot  depth,  0.5  percent  critical  damping. 


Stroin  ^  tn  /in  Stroin,  m  /in 

r-  5.S-f0»0  01  r-  1.4  -900S.02 

S4«»it  9,  IS.a  ft  Sot  $«iii»it .  so  ft  Otnth 

t««4f4  t«  Strtlittctfl««i  t4tt4t4  Normtl  t»  S*t4t»ticatt«ii 

Figure  4.45  Strcss-sirnhi  curves,  undisturbed  soil,  Frenchman  Fl.nt 
(Reprinted  fi^m  Reference  14.) 
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Fifure  4.49  Project  1.4  constant  ratio  ot  applied  stress,  triaxial  tests, 
undisturbed  soil,  SO-foot  depth.  (Reprinted  from  Reference  14.) 


coupling  alignmcntii  which  muni  be  affected  before  the  reliable  meat»urement  \h  taken.  Also.  It 
should  be  noted  that  the  tests  Indicate  strains  in  excess  of  4  percent  for  100-psl  applied  stress 
In  the  first  cycle;  the  sccoikI  cycle  produces  only  about  1  percent  strain  for  the  same  applied 
stress.  The  trlaxlal  results  of  Figure  4.40  Indicate  1  to  1.5  percent  strains  for  *  lator  stresses 
approaching  100  psi. 

4.0.2  Deduced  Stress-Strain.  Since  stress  and  strain  were  measured  Independently  at  vari¬ 
ous  depths  In  Frenchman  Flat  soil  (Project  1.4),  It  would  bo  possible  to  construct  a  measured 
stress-strain  diagram.  This  possibility  Is  severely  limited  by  tlie  fact  that  so  many  of  the  strain- 

TABLE  4.S  PftOJECT  3.8  SOIL  SURVEY  RESULTS 


Compacted  Backhlt 

Item 

Hangud 

Ranged 

From 

To 

Average 

From  To 

Average 

Modulus  of  dsiormation 
(consol  Idsllon  test) 
Normal  to  straUficaiion 

50  psi 
loops! 

3.140 

3,000 

13,150 

13,800 

5,300 

8.180 

3,580  20.700 

4.000  30,700 

8,830 

8,885 

Psrsllal  to  stratification 

SO  psi 

100  psi 

U.SSU 

10,330 

IS.SUU 

38,710 

14,800 

18,550 

Ifoduitts  of  comprusslon 
(trlaxlal  laai) 

t.OSO 

18,050 

13.300 

.... 

Comprossiva  noduius 
(seaiseope  teal) 

31,000 

155.000 

80^300 

... 

Modulus  of  olaaliclly 
(piste  hnarteg  test) 

10  psi 

100  psi 

6,100 

4,f00 

6,800 

3.800 

8,450 

4,400 

time  records  were  either  lost  or  are  in  question.  However,  it  Is  possible  to  construct  such  dU- 
grasss  for  the  SO-fool  d^he  at  both  Stations  4  and  6;  these  deduced  stress-strain  diagrams  are 
shown  In  Figures  4.S0  and  4.51. 

The  form  of  the  stress-strain  picture  of  Figure  4.50  Is  quite  different  from  the  Project  3.1 
curves  of  Figure  4.41.  This  Is  due  probably,  to  the  rather  abrupt  increase  of  stress  (4CV50) 
at  this  sutlofi,  and  It  results  in  a  tangent  modulus  of  about  17,500  psi  la  the  early  portion  of  the 
curve.  Cakttlatlon  of  the  modulus  corresponding  to  the  peak  strain  yields  17.300  psi,  and  the 
unloading  modulus  la  about  32,500  psi.  Also  slfniflcant  is  the  fact  that  the  soil  atuins  a  strain 
of  less  than  I  percent  (about  0.1  percent)  at  a  stress  of  130  psi.  which  means  that  the  Project 
3.1  triasial  tesla  approslmated  the  working  range  of  dynamic  soil  response  more  exactly  than 
dKI  the  compaction  tesls.  The  residual  strain  (after  unloading)  of  about  0.4  percent  also  agrees 
with  the  trlaxlal  test  residual  magnitude*. 

The  situation  at  SUHlon  $  is  also  atypical  but  for  the  opposite  reason  from  that  at  Station  4. 

At  Station  I,  the  stress  appears  to  increase  unusually  slow  while  the  strain  Is  attaining  readable 
values.  The  best  choke  of  tangent  modulus  corresponding  to  peak  stress  and  strain  compiles 
to  12,600  psi,  a  value  which  again  agrees  best  with  the  modulus  obtained  from  the  Project  3.6 
trlaxlal  tests.  The  curve  also  indicates  a  small  residual  strain  at  this  depth. 

It  sruulU  be  unwise  to  draw  any  firm  caetlusltMis  tmm  the  small  amount  of  data  available. 
Tentatively,  it  can  be  said  thal,  as  presently  conceive*!,  the  laboratory  Irtaxial  tests  arc  more 
useful  in  correlation  with  blast  results  tiun  ate  ttu*  eampa%tioit  tests.  Still  to  l*e  resolved  is 
the  quvsiitm  of  the  rvlaflunslttp  tM'tseen  th«  lati^ent  motkilus  jmi  ct>mpul(H|  amt  ttu*  nusHilus  ik-ter* 
mim'd  lr*»m  na.*a su re tm  *4 s  of  s*'ismtc  Veb  eiiy. 
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Chapttr  5 

CONCLUSIONS  and  RECOMMENDATIONS 


S.I  CONCLUSIONS 

5.1.1  Iwtrmncnl  Performance,  ror  Operation  Ptumbbob  Project  1.4,  full  length  rt  rdt 
were  obtained  on  ii  percent  of  the  total  gage  channeU  and  partial  records  on  an  additions.  U 
percent.  The  failures  were  caused  principally  by  a  Jammed  oscillograph  recorder  and  cable 
trouble  on  the  strain  gage  installations. 

Five  out  of  the  ten  short*span  strain  gages  installed  on  the  sides  of  the  two  deep  holes  failed 
to  give  useful  data,  and  three  of  the  five  useful  records  were  incomplete.  It  Is  concluded  that 
the  reliability  of  these  gages  could  be  enhanced  by  improving  the  method  of  coupling  to  the  soil 
and  by  redesign  of  the  cable  connector  at  the  gage  end. 

8.1.1  Acceleration  and  Vn|nct»y  Wav»  FArmn.  For  ground  shork  accelerations  induced  by 
air  bla^  there  is  no  kieal  wave  f^m.  The  integral  of  vertical  accelrration,  vertical  particle 
velocity  in  the  soil,  is  the  snore  famUiar  of  ground  sootion  parameters  since  it  bears  a  direct 
relationship  to  the  overpressure.  It  is  possible  to  separate  the  predominairt  earth  acceleratloo 
and  velocity  wave  forsns  into  sin  groups  associated  with  the  character  of  the  input;  nasnely, 

S.  Air*bla«4  wave  ideal  and  overpressure  high,  traveling  superseismlcally. 

t.  tame  as  hern  I  above,  eacept  lower  overpressure. 

I.  Air-blast  wave  traveling  transseismicaUy,  first  indicat iuu  of  outrunning. 

4.  Air-blast  wave  In  early  stages  of  precursor  deveiopownt,  peak  overpressures  high, 
traveling  superseismicaUy. 

8.  Alr-blasi  wave  extremely  disturbed,  in  snost  violent  precursor  region,  traveling  super* 
or  transseismicaUy. 

8.  Complete  outrunning,  refracted  ground  wave  arrives  before  local  Induced  effect,  air  wave 
traveling  aubseismlcaUy. 

Even  though  the  blast  wave  may  be  traveling  with  superseismic  velocliy,  I.  e. ,  no  outrunning, 
the  signal  produced  by  the  refracted  wave  seay  be  sufficieni  to  modify  the  velocities  la  the  later 
portloas  of  the  ground  shock  .iisturbance.  At  depth,  outrunniag  occurs  earlier  than  at  the  surface. 

8.1.3  tignals  from  Aemote  Iburces.  When  the  propagitica  velocity  of  the  alr*btasi  wave 
front  is  iarger  than  the  ccmpresslon  wave  velocity  in  the  soil,  signals  will  not  be  observed 
underground  prior  to  the  arrival  of  the  air  wave  over  the  pge.  As  the  air  wave  velocity  de¬ 
creases  wtth  distance  from  ground  aero,  the  information  given  to  the  earth  will  eventually 
arrive  before  the  arrival  of  the  local  signal.  This  may  occur  eUher  when  a  near-surface  seis¬ 
mic  velocity  is  greater  than  the  air-blast  velocity  or  by  transmission  through  the  soil  along  a 
curved  path  which  dips  into  the  higher- velocity  lower  earth  strata,  I.e. ,  seismic  refraction. 

For  dhot  Priscilla,  it  was  concluded  that  outrunning  occur  red  at  the  ground  surface  at  about 
1,800-1001  ground  range,  due  to  a  signal  originating  at  about  l.dOO-fout  ground  range.  However, 
it  is  possible  for  outrunning  to  occur  a*,  cioaer  ranges  for  deeper  measurements,  and  refracted 
si;.nsts  may  be  widenl  on  records  after  the  arrival  of  the  local  efiteis.  Although  Project  1.4 
acceleration  reautts  (measuremrnis  to  1.380-foot  ground  raiutel  ahowed  no  outrunning,  they 
ahuwed  presence  of  refracted  aignaU  from  remote  source*.  partlcuUrty  at  the  deeper  gages. 

The  remote  ihoorre  diMurtiaacea.  whether  outrunning  or  not.  are  extremely  hQiher»onie  when 
one  IS  allt-ttipitag  to  tn*egrate  ilu-  acceleral ton* lime  recor«i»  to  rmt^tn  veloctty-lime  and  diapUce* 
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mcnt-tlme.  Any  critcrU  uikhI  (or  deter intnlnK  the  time  o(  xcro  velocity  may  Ik*  umuIcioi  In  Itie 
prcuence  o(  remote  iource  alipiaU. 


5.1.4  Attenuation  oC  Ground  :ihock  with  Depth.  Maximum  downward  acceleration  data  (mil* 
catcb  that  between  5*  and  10*(ont  deptha  the  attenuation  varlrx  between  90  to  4$  percent,  except 
at  the  950*  and  tib0*(oot  ground  rangea  where  the  attenuation  U  practically  negligible.  The 
reitulta  at  greater  depth*,  taken  Into  conalderallon  ^  **  the  meamired  aeUrnlc  prollle  at  French* 
man  Flat,  xuggeat  that  the  wave  theory  concerning  energy  tranaier  at  an  Interface  between  two 
materlala  may  be  valid.  The  theory  atatea  that: 

1.  If  an  accelerometer  la  located  at  or  near  the  tranaltlon  from  a  hard  to  a  aofi  material, 
the  peak  acceleration  la  Increaaed. 

t.  tf  an  accelerometer  la  located  at  or  near  the  tranaltlon  from  a  aoft  to  a  hard  material, 
the  peak  acceleration  la  decreaaed. 

The  peak  outward  horlaontal  acceleration  at  the  10*  and  50*(oot  deptha  ahowa  lean  attenuation 
with  depth  than  doea  the  correapondli^  peak  downward  acceleration;  numerically,  the  attenuation 
la  about  40  percent  (or  the  outward  component  and  about  50  percent  (or  the  downward. 

When  all  pertinent  data  arc  Included,  It  la  (oiMid  that  power  law  decay  with  depth  of  peak 
downward  acceleration  agreea  beat  with  the  ei^erlmenial  reaults. 

For  peak  downward  velocity  (or  velocity  •Jump  data),  an  exponential  decay  law  appears  to 
represent  the  data  better  than  a  power  law.  On  flmt  Priscilla,  at  the  two  sutloos  where  meas* 
urements  were  nhislned  m  M.Cmm  depth,  the  attenuation  tt  peak  downward  velocity  Is  similar 
and  la  apparently  Itttle  Influenced  by  the  underlying  soft  layer  documented  in  the  refraction 
seismic  survey. 

The  peak  outward  velocity  data  from  Shot  Prlacllla  showed  somewlmi  leas  attenuation  with 
depth  than  the  downward  component  at  2t$*pal  overpressure;  at  the  larger  ground  range  (100* 
pal  overpressure),  the  outward  peak  velocity  at  50*(oe(  depth  was  twice  that  at  10  feet.  This 
effect  vraa  traced  to  the  Influence  of  signals  from  remote  sources  closer  to  ground  aero. 

The  vertical  v«lacily*ilme  curve  la  similar  to  the  overpreasure^tlnw  curve  when  the  air* 
btoat  wave  ts  supvrsclsmic.  The  velocity  peak  la,  however,  more  rounded  and  progressively 
lags  the  wave  from  by  an  increasing  amount  as  the  depth  Increases.  Pelow  lO-foot  depth,  the 
rise  tune  to  peak  velocity  Increases  slgnlflcanily,  even  lor  rapid  alr*pressure  onset. 

The  attenuation  of  peak  dlsptacement,  obtaUied  from  successive  Integration  of  the  acceleration- 
time  data,  corresponds  closely  to  the  attenuation  of  peak  velocity.  However,  the  larger  than  ex¬ 
pected  displacements  below  5  feet  at  the  100-pal  overpressure  station  can  be  explained  by  a  re¬ 
fracted  ground  wave  superimposed  on  the  motion  Induced  by  the  main  air-blast  wave,  h  should 
be  noted  that  the  double  integration  method  of  obtaining  dli^lacement*ilme  U  probably  not  reliable 
lor  times  beyond  the  peak  value. 

The  attenuation  of  maximum  vertical  aireas,  aa  determined  by  Carlaon-type  gagea,  la  slight 
hetwetn  the  surfset  snd  S*fooc  depth;  the  stienuallon  si  shallow  depths  Is  probsbty  a  function  of 
the  duration  of  the  overpressure  input  pulse,  the  shorter  ihv  Input  pulse  the  greater  the  attenua¬ 
tion  with  depth. 

For  the  deeper  stress  measurements,  the  pattern  of  attenuation  loUews  the  rule  of  halving 
the  peak  airess  lor  each  lO-lool  increase  In  depth.  However,  the  Increase  In  stress  ai  SO  feet 
tends  to  deny  the  vtlldlty  of  this  rule. 

Although  several  posslbilliies  are  offered  to  explain  the  seeming  anomalous  stress  reaulis 
at  lO-foot  depth.  It  Is  probable  that  the  measurements  are  lafluenced  to  some  degree  by  alt  the 
aumrested  merhsnlsinK  That  is.  ibt  stress  measured  at  SO  iee<  may  be  a  (unction  of  the  soil 
layering  structure,  tbt  character  of  ibe  backfill,  and  Inrgualuies  of  planting  or  lampmg  methods 
In  the  virlAily  of  the  gages. 

In  general,  the  siress-iimc  wave  forms  compare  well  wah  thr  air  overpressure  input;  bekne 
I0*f*stt  depths,  the  lin*e*lo*prak  tacreas«-s  wuitcrably  uvrr  that  observed  on  the  surface  atr* 

Mast  pressure. 

P  Is  ditficull  to  dtrirffuittp  the  felatUe  validity  of  |h<*  {rt*<  Mre»*  rr»ul<s  tUxatoi'tl  mt 

Frtiieel  1.4.  TK-  c»odrot  >4  iMckfttl  oprraiitm*  »lurtng  PrtsvtUa  uas  cun trd  uidtiuunt,  an.t 
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extraordinary  care  waa  taken  In  tlio  ptacemcnt  of  icagea;  atlU  the  atreea  ntcatfurumcnta  appeared 
Internally  InconaUtent.  tt  la  concluM  thati  nnleaa  an  alternative  meaawrcmcnt  method  can  be 
dcvlaed,  atrcaa  muat  be  derived  from  other  primary  meaaurcmenta  auch  aa  atraln  and  accelera¬ 
tion,  which  arc  more  balcpendent  of  hole  alxo  and  character  of  the  backfill. 

In  addition  to  the  ahort-apan  atraln  gage  reaulta,  It  la  poaalble  to  compute  the  average  verti¬ 
cal  atraln  betaecn  accelerometer  posltlona  from  the  double  Integratlona  (I.  e. ,  dlaplaccmcnt- 
tlme  plota).  At  the  27S-pal  ovcrprcaaure  atatlon,  the  peak  atraln  auffera  a  pronounced  dccrcaav 
between  I-  and  30-foot  deptka.  A*  greater  deptha,  the  vertical  atraln  levcla  off  to  a  conatant 
value.  On  the  other  hand,  the  data  obtained  at  the  lOO-pai  overprcaaure  atatlon  ahow  practically 
no  change  In  vertical  atraln  with  Incrcaalng  depth.  ThUi  difference  in  behavior  la  probably  trace¬ 
able  to  the  character  of  the  Input  everpreaaure;  the  riae  timea  aaaociated  with  the  lOO-pai  Input 
are  aignlllcantly  longer  than  at  the  high  preaaure  station. 

S.I.S  Ground  Shock  and  Overpressure.  When  the  ratio  of  peak  acceleration  to  peak  overprea- 
sure  la  plotted  versus  peak  overpresaurw,  the  values  at  high  overpressures  (above  200  psl)  are 
high,  decreasing  as  the  overpressure  drops  and  as  the  precursor  wave  develops,  finally  increas¬ 
ing  somewhat  below  10  psl  when  the  precursor  has  dissipated.  The  effect  of  device  yield.  If  any, 
does  not  appear  to  be  discernible.  No  systematic  variation  with  height  of  burst  Is  to  be  found; 
also,  the  trend  toward  higher  ratios  at  extreme  ground  ranges  m;,.y  be  associated  with  outrunning 
of  the  ground  wave. 

In  conformity  with  elastic  theory,  sid>se<|«eni  to  merunotug  nf  the  ground  wave,  the  velocity- 
lump  peak  overpressure  ratios  Increase  with  decreasing  pressure  (1.  e. ,  Increasing  ground 
range).  There  appears  to  be  no  systematic  variation  with  either  yield,  overpressure  level  or 
arave  form,  or  test  area.  The  eiqperlmenUl  ratios  agree  well  with  ihe  theoretical  result,  par¬ 
ticularly  U  the  velocity  of  propagation  of  the  ground  wave  is  determined  from  measured  aeeet- 
erooMter  arrivtl  times. 

The  fact  that  the  finite  amplitude  stress  waves  appear  to  propagate  slowc  ■  than  the  seismic 
waves  suggests  plasiie  flew  conditions  in  the  soil;  also,  relative  slgnlflcar'  •  uf  the  eull  modulus 
determined  from  eelsmlc  velocity  Is  not,  as  yet,  completely  clear. 

Consideration  of  the  peak  vertical  dlsplareseent-overpressure  Impulse  ratios  Indicates  a 
definite  Increase  in  the  ratio  with  Increasing  peak  overpressure  In  the  range  of  SO  to  300  psl. 
However,  the  wide  scatter  In  dlsplaceasent  data  precludes  any  firm  eoncluslona.  Comparisons 
between  the  Profect  1.4  peak  displacement  data  (obtained  by  Integration  of  accelerograms)  and 
Ihe  Profecl  l.S  lung-span  strain  results  shew  good  agree  meal  between  these  two  Independent 
aneasuremenis. 

S.I.i  Hesponse  Spectrum  of  Ground  Motion.  The  response  spectrum  is  defined  as  the  maxi- 
mum  response  oH  a  linear,  slngle  i^i^  of  freedom,  spring  mass  sy^em.  relative  to  the  motion 
of  the  ground.  The  dlsplaicemefM  spectrum  may  be  determined  either  by  direct  measurement 
with  reed  gsges,  by  numerleal  raleutailon  of  the  response  of  a  linear  system  (e.g.,  accelerom¬ 
eter)  to  the  gtound  saetlon,  or  through  the  use  of  the  electrical-mechanical  analogy.  An  accel¬ 
erometer-galvanometer  system  wilt  yield  faithful  results  if  its  natural  frequency  ts  more  than 
twice  the  fundamental  frequency  ebsrnred  in  Ihe  ground  motion. 

from  the  results  of  the  dispUeemeni  response  i^*etra.  it  dues  not  appear  that  the  change  In 
character  of  the  response  can  be  associated  with  the  local  ground  wave,  but  this  change  probably 
Is  due  to  iolerferenee  of  Ihe  refracted  ground-iransmitled  wave. 

Using  overpressure  positive  phase  duration  as  a  nornuliaing  factur,  it  is  possible  to  shuw 
correlation  of  response  spectra  nblained  under  liiifvreul  uu«uc  cunditions.  The  normalUed  veloc¬ 
ity  spectra  for  50*fou|  depth  wh«^  compared  with  i^^ctra  *1  and  I0<taol  depths  ahnw  similar 
maxima  although  Ihr  frequenry  at  whieh  thin  maximum  arrur«  *i*  erraMrii  with  increasing  depth. 

Weighing  the  rvUiive  advantages  and  dtaadv.»ttiag«  »  *>t  the  r«  «d  i*ag«  »  ami  accvtci omelet  s  fur 
delermitail^n  ui  reqaunMr  Ira,  tm*-  c««te‘tu*ie»  th-vl  n*  r  rage  result  IS  completely  sulfi- 
Clvid  lor  ih  fintllie  «p  rira:  ike  muiU  athaniag*  oru»  inv|  rtiie«-ni4titio  C*ms|»|  of  Uxh 

t)pt-»  pUt'«'d  a»  a  pair. 
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5.1,7  Soil  Strcss»Straln  Consldorations.  Since  stress  and  strain  woi  v  measured  Independ¬ 
ently  (versus  time)  at  various  depths  In  Frenchman  Flat  soil,  It  Is  possible  to  construct  a 
measured  soli  stress-strain  diagram.  Such  diagrams  may  be  constructed  for  the  50-foot  depths 
at  Stations  4  (275-psl  Input)  and  6  (100-psl  Input). 

The  deduced  stress-strain  relations  appear  to  agree  best  with  the  laboratory  trlaxlal  tests 
performed  upon  Frenchman  Flat  soli  samples  by  Waterways  Experiment  Station  (Project  3.8). 
The  consolidation  test  results  yield  soli  moduli  which  are  much  lower  than  those  Indicated  by 
the  deduced  stress-strain  curves.  Tentatively,  It  can  be  concluded  that  the  laboratory  trlaxlal 
tests  are  more  useful  In  correlation  with  blast  results  than  are  the  compaction  tests.  However, 
still  to  be  resolved  Is  the  question  of  the  relationship  between  the  tangent  modulus  so  computed 
and  the  modulus  determined  from  measurements  of  seismic  velocity. 


5.2  RECOMMENDATIONS 

It  Is  recommended  that  future  work  on  the  problem  of  ground  motion  Induced  by  air  blast 
include  the  following: 

1.  In  conjunction  with  any  future  ground  motion  measurements,  means  should  be  provided 
for  determination  of  the  seismic  signal  arrivals  at  each  measurement  position;  a  geophone 
would  serve  this  purpose. 

2.  Attention  should  be  given  to  devising  laboratory  soli  test  methods  which  give  promise 
of  correlating  with  field  test  results. 

3.  Work  should  continue  for  the  development  of  a  reliable  gage  (or  gages)  which  will  meas¬ 
ure  directly  velocity-time  and/or  displacement-time  of  ground  motion.  These  measurements 
would  almost  completely  eliminate  the  present  uncertainty  associated  with  Integrated  accelera¬ 
tion  data. 

4.  The  theoretical  aspects  of  the  problem  should  be  pursued  vigorously,  from  the  standpoint 
of  pure  elasticity  and,  also,  to  Include  the  dissipative  and  layered^acpects  of  the  soil  medium. 

5.  In  ground  motion  measurements  an  independent  measurement  of  the  motion  of  the  grouiKl 
relative  to  some  fixed  point  in  the  earth  made  by  a  mechanical  gage  is  useful  In  checking  dis¬ 
placement  results  from  Integrations  of  accelerograms. 
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Appendix  A 

SYMBOLS  and  OVERPRESSURE  WAVE  FORM  CLASSSFICATION 


A.1  SYMBOLS 

A  •  aooaUration,  g  (vcrttoal) 

P  *  dtutty,  Ib/ou  ft 

B  •  Youiift'  modulus,  pil 

8  ■  •train,  vartleai 

P  ■  appUad  air  praaaura,  pal 

APt  ■  total  naa  of  (irat  paak  of 

input  praaaura  wava 

AP|  ■  total  riaa  of  aaooad  paak  of 
input  praaaura  wava 

C  ■  atraaa,  vartieal,  pal 

9  •  Poiaaona'  ratio 

Tk  ■  total  riaa  tlnui  of  atraaa  (or 
valooity)  wava  at  a  particular 
dapth  (aaattainf  kalf-ooaina 
wava  form  of  riaa).  aao 

Tg  •  riaa  ttaaa  of  flrat  paak  cd 
input  praaaura  wava 

T|  ■  riaa  tlma  of  aaeond  paak 
of  input  praaaura  wava 

T  »  riaa  tlma  of  atraaa  (or 
^  valoollQr)  wava  preduoad  ly 

traval  todapth  y 

V  ■  partlela  valoolty  (vartieal).  fy* 

V  ■  aalamio  (oonapraaalooal)  wava 

^  vatocitjr, 

X  ■  ranga.  (t 

y  •  dapth,  ft 

^  ■  V(l  ♦  ^(l 


AIR  BLAST  WAVE  FORM,  PRCCURSOR  TYPE  I 


AIR  BLAST  WAVE  FORM.  QENERALIZEO 
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A.2  OVERPRESSURE-WAVE-FORM  CLASSIFICATION 


Typ«  OtacrtpUon  of  Form 

0  A  sharp  rlsa  to  a  doubI«*p«akod  maximum; 
ptaks  oloao  togttlwr  la  Uma  aad  approximata|y 
•qual  la  amplltuda. 


Halation  to  Pravioua  T>pa 

la  its  Ideal  form,  it  is  tha  classical  singla* 
paakad  shock  wava  but  la  usually  racordad  as  a 
doubla-paakad  wava. 


Typical 


I  A  sharp  risa  to  first  low  peak  followed  by  either  Tbs  first  lew  peak  ladlaataa  tha  aslstsfiea  of  a 

a  idataau  or  a  aUght  decay,  tkao  a  higher  saeood  dlatuibsaea  whleh  travels  foster  thaa  tha  mala 

praoadlag  tha  rapid  decay.  Tima  latarval  wava.  This  type  la  dtatlaetly  aooelaasleal. 
batwaaa  first  aad  sacoad  peaks  caa  vary  slg- 
alfleantiy:  shodfllka  rises  are  avidsat. 


Canarol  Typieol 


S  laaw  aa  type  I  aaeapi  that  aseoad  peak  la  lass  Tha  aaeoad  peak  haa  decayed  la  a  lower  value  thaa 
thaa  flral.  the  flrat  aad  has  bsooma  more  reuadad  aad  lass 

distlaai.  iacoad  pack  fiaally  dlaappaara. 


a 


■ 

Gtnaroi 


A  flral  large,  rouadad  SMaUaum  followad  hy 
decay;  thaa  a  later,  uaualty  asMllar.  aaeoad 
peak.  Praaaure  rtsaa  aiay  bo  alowor  thaa  for  dacraaaad  ta  msgaiiuda  with  raspaet  to  tha  flrat. 

Tyi-a. 


Ganarol  Typicoi 


Typteol 

Tha  first  peak  of  lypa  t  haa  davalopad  to  haoonm 
the  rouadad  ataalaium.  while  tha  aaeoad  peak  haa 
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A  luiy(>rlMr«Um«  form  whleli  «ii‘ 

kiblu  a  loAf  (Wcay  (tmr  aad  much  haah. 


Tha  raUtIvaly  aharp  praaaura  rlaa  of  Typa  3  haa 
baan  raplaead  fay  a  alow  riaa  ami  lha  aacoad 
paak  haa  dlaappaarad. 


G«n«ral 


Typical 


3  A  praaaura  riaa  to  a  rouiwiad  plataau  which 
la  followed  by  a  alnw  riaa  to  a  aacoad.  hiphar 
paak. 


Tho  alacla-poakad  haahy  farm  of  Typa  4  aaama 
to  daaalop  a  eompraaatoa»typa  aacond  paak. 
which  may  fao  the  fit  at  ii  dlealloo  of  tha  ratoni 
of  lha  mat«  wava. 


Gonorol  Tyotcol 


d  A  alaar«€«i  daubla  paak  form  with  a  riaa  to  Thla  la  eioaiiy  a  daaaad.up  lypa  1.  with  tha 

a  puiaau  whtca  alopaa  upward,  thaw  a  ahaefa  ooiapfwaatomHQrpa  aacoad  paaha  baoomlac  ahacua. 

riaa  to  a  paak. 


Otnorol  Typteel 


T  A  aback  riaa  to  a  paak  failawad  fay  altkar  a  Tha  aaaoad  pock  of  Typa  •  haa  aaanahaa  toa 

altcht  gaatlt  riaa.  a  piatoaa.  or  la  lator  oa-  Aral  peak.  roaallta<  to  a  aava  torm  whMk  la 

■topftc.  a  alow  decay.  cfaao  to  claaalr.  aharp.  atocla  paak  la  aai  oatdaat. 


7 


TypiCOl 


TA  Aatora  to  Type  T  la  roflaa  of  rofular  roAac*  tacaad  rtoo  daa  la  raHaaiad  waaa. 
ttoa  where  a  aacoad  ircAoctodi  ahack  fraal 
laavideoi. 


Odadrpl  TypiCdi 


Ck  Aalera  la  ctaaeleal  wave  torm  to  rcftaa  of  tacaad  rtaa  daa  to  rcAacMd  waao. 

rcfalar  raftortlaa. 
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Appendix  B 

CATALOG  of  GROUND  MOTION  MEASUREMENTS 


TABLE  B.1  SUMMARY  OP  NEVADA  SURFACE  AND  AIR  NUCLEAR  BURSTS 
ON  WHICH  STRONG  GROUND  MOTION  WAS  MEASURED 


Y,  Yucca  rut;  and  FF»  Prtnchman  PUt. 


OpcraMott 

SM 

Yl«ld 

Haifthl 
of  Buritl 

Data 

Araa 

kt 

ft 

Bufttr-Jaaft* 

8 

1.19 

9.9 

Novombor  1991 

NT8-Y 

TVimbltr*8iMpp«r 

1 

l.OS 

T93 

April  1992 

vrn-TT 

2 

1.19 

1.109 

April  1992 

NT8-Y 

a 

so 

9.447 

April  1992 

NT8-Y 

4 

lf.« 

1.040 

May  1992 

NT8-Y 

Upatot^Kaothol* 

1 

1S.2 

900 

Maiek  1999 

NT8-Y 

• 

St.0 

8,439 

U99  1999 

NTS-FF 

10 

14.9 

924 

Moy  1999 

NT8-FF 

PlumbBob 

PrItcllU 

S9 

too 

Jwm  1997 

NT8-FF 

Whltaay 

19.3 

900 

Stpunibor  1997 

NT8-Y 

Galilao 

11 

900 

Stpiombtr  1997 

NT8-Y 

Smokty 

49 

TOO 

Attfuat  1997 

NTS-Y 

Stokaa 

19 

1.900 

AufoM  1997 

NTl-Y 

CharltaiMi 

11.9 

1.900 

Sapumbar  1997 

NT8-Y 
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*  First  soiirc«  is  air  bimst. 


TABLE  B.3  NUMBER  OF  OIIOUND  MOTION  MEASUREMENTS,  EPO 


H.  Itoriiontal  dircictton;  and  V,  vurticai  dt  ruction. 


OpursUon 

Depth 

Overpressure 

Number 

Sourco  of  Oats* 

ft 

psi 

Greunhoufio 

lto6t 

>50 

411 

4V 

>10 

1111 

WT-53 

lOV 

WT-69 

Total 

1311 

13V 

Ivy 

17 

>50 

Ilf 

IV 

>i0 

311 

WT-602 

3V 

WT-9002 

ToUl 

4H 

5V 

Csstls 

IS  to  17 

>10 

311 

l\T-920 

2V 

WT-9002 

Rodwinf 

2.4 

>50 

IH 

ITR  ~  1.302 

6V 

lTR-1364 

Hsrdtsck 

1  to  too 

>50 

17H 

ITR- 1513 

19V 

*  First  sourcs  is  sir  blsst. 
t  Vsriss  with  sution. 


TABLE  B.4  SUMMARY  OF  MOLE  ROUNDS  (2SS-POUND  TNT) 


Height  of  Burst,  ft 

0 

0.93 

l.iS 

3.15 

5.35 

X  (scaled  height  of  burst  for  HE) 

0 

0.13 

0.25 

O.SO 

1.0 

Test  Area 

Utah  dry  elay 

1 

1 

1 

2 

1 

Nevada  gravel  and  sand  mix 

1 

1 

2 

2 

1 

Califomia  ^rnt  sand 

1 

1 

- 

- 

Califorafa  moist  elay 

- 

1 

- 

- 

- 

TABLE  8.S  NUMBER  OF  GROUND  MOTION 
MEASUREMENTS,  JANGLE  HE-4 


Chsrg* 


2.W0-lb/TNT 


■RsliKT 

of  Burst 
— 


3 


Ovurprsssurt 


Numbsr  oi 
Obiufvsl ions.  S  ft 


psi 

>50 

411 

4V 

>10 

III 

5V 

ToUl 

lOlt 

lOV 
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Appendix  C 

RECORD  INTEGRATION  and  INSTRUMENT  RESPONSE 


Uround  motion  imtlrurnttnUllon  hns  boon  conflnud, 
excopt  for  tho  long-opan  difplneomont  goicoo  uiod  on 
Shot  PrlsclUn,  to  nccoloroRMtero.  Doturmlnotlon  of 
volocity  nod  dlopUcoment  roquiroo  numorlcol  Into* 
Sration  of  thooo  records.  Prior  to  Shot  PrUcIlts, 
this  wos  ususliy  dono  with  s  plinlmotor  as  a  two*stcp 
process,  tniogration  of  Prltcflla  records  has  been 
performed  numerically  using  the  IBM  650.  Accelera¬ 
tion  records  were  read  at  intervals  through¬ 

out  ths  portion  of  maximum  fluctuation.  As  the  records 
smoothed  out«  this  time  interval  was  lengthened  suc¬ 
cessively  to  1,  2,  and  4  msec,  mainly  as  an  economy 
measure.  Records  were  read  to  tlw  end  uf  tlte  «ii‘- 
bls^t^sltive  phase  nr  past  the  point  of  apparent  sig¬ 
nal,  whichever  aaa  lunger. 

C.l  ACCELERATION  BASEUNE  SHIFT 

It  is  an  indispuUble  fact  that  the  ground  motion  due 
to  air-blast  pressure  must  cease  at  some  time  after 
the  passage  of  the  blast  wave.  Most  integrations  indi- 
caia,  in  varying  degree,  that  ths  velociQr  at  ths  end 
of  the  integration  is  not  tero.  This  result  can  be 
iaurpreted  as  an  acceleration  record  baseline  shift, 
which  is  affected  during  recording  or  during  reading 
of  the  record.  If  It  can  be  assumed  that  there  are  no 
frequency  response  problems  <see  Section  C.2),  the 
source  of  the  difficulty  can  be  traced  to  the  character 
of  the  acceleraciottHime  wave  form.  Reference  to 
Figure  4.ta  shown  that  the  duration  of  the  first  accel¬ 
eration  peak  is  a  small  fraction  of  the  total  record 
length.  Therefore,  a  small  error,  perhaps  only  one 
or  two  percent  of  the  peak  acceieration.  will  accumu- 
Isle  as  time  increases  to  result  In  a  significant  error 
in  velocity  at  the  end  of  ths  integration. 

Speaking  instrumenially.  there  are  many  possible 
ways  the  acceleration  record  baseline  (aero  signal 
reference)  could  shiit.  However,  In  this  anaiysis  the 
shift  is  considered  as  a  reading  error,  a  conclusion 
which  Is  substantiated  by  the  fact  that  the  amount  of 
correction  that  is  necessary  to  achieve  aero  veiocii)* 
at  the  end  of  the  record  is  frequently  within  the  least 
count  of  the  reading  equipment  (see  Table  C.l). 

Figure  C.l  shows  some  typical  eaamplcs  of  velocity- 
lime  wave  forms  obtained  from  types  a.  b,  or  c  accet- 
ersiion-lime  wave  forms  (Figure  4.1).  It  is  thouahl 
'hat  a  g  Mjd  enterton  for  rero  velocity  in  such  cases 
is  that  the  velocity  equaU  xero  at  ..  tlioe  after  signal 
arrival  equal  to  the  thii  atiun  of  the  atr -blast  input 
|s.»ittve  phase  For  this  crnr»-i»»n,  FttMrr  C.l 


catea  how  the  baseline  would  bo  shifted  on  the  velocity¬ 
time  plots;  subsequently,  the  velocity -time  plots  rela¬ 
tive  to  the  ahifted  baselines  would  be  integrated  to 
obtain  the  corrected  displacement-time  plots.  It  should 
he  pninlud  out  that,  in  the  case  of  gages  buried  deeper 
than  SO  feet  in  a  soil  whose  seismic  velocity  varies 
significantly  with  depth,  it  would  be  unwise  to  apply 
the  above  criterion  for  xero  velocity  uvun  for  ideal 
overpressure  inputs.  Each  record  would  have  to  bo 
regarded  as  a  special  case. 

As  the  peak  acceleration  decreasoa,  tho  problems 
of  accurate  record  reading  diminish  with  the  exception 
of  ground  waves  from  remote  aources,  which  result  in 
exceptionally  complicated  records.  A  typical  examplt 
(type  0  i*  shewn  in  Figure  C.2,  where  the  upper  por¬ 
tion  of  tho  figure  illuatratea  the  original  integration 
without  correction.  Beyond  hOO  meoc  tho  velocity 
increases  (negatively)  linearly.  The  linear  bnaeline 
shift  required  to  correct  the  velocity  to  aero  at  the 
end  of  the  grc'ind  motion  is  shown  as  well  as  the  ror- 
rected  velocity.  However,  it  la  at  once  apparent  that 
the  criterion  of  aero  veloeiQr  at  the  end  of  the  alr-blaat 
preaaure  pulse  is  not  applicable  when  elgnala  from 
remote  sources  are  preeeaL  for  thaee,  each  uncor* 
rected  velociQr  mual  be  plotted  and  a  bnat  judgment 
madn  as  to  the  time  sere  veloci^  is  attained;  Uma  it 
is  Important  that  tho  acceleratlon-Ume  record  be  read 
to  times  beyond  which  the  aipial  epparenily  ban  nettled 
down  to  small  amplitudoa.  In  complex  caaee,  the  prac¬ 
tice  has  been  adopted  that  the  heeeline  be  adjueled  to 
maximlie  the  reaultiag  peak  diaplacemenl.  Tho  dis¬ 
placement-lime  records  will  then  indicaln  n  residual 
diaplacemenl  equal  to  the  peak  displacement.  If  more 
than  one  choice  of  baseline  shift  appears  resaonahle, 
the  extremea  are  calculated. 

If  the  velociQr  records  appear  to  require  other  than 
a  Btngle  iwear  correction;  e.  g. .  a  aeries  of  linear 
correcliona  attached  vnd-lo-«nd,  the  ieu  are  cenaid- 
nrvd  suspevi  and  not  corrected  or  ubulatod. 

Table  C.l  includes  a  summary  of  the  magnitude  of 
the  corrections  made  in  the  integrations  of  the  Pris¬ 
cilla  acceleration-lime  records.  In  lerma  of  the  peak 
acceleration,  the  baseline  shills  varied  between  0.o€ 
and  4.4  percent,  which  cerresi«*nds  to  between  0.|  and 
S  cuMAls  on  the  electro  mechanical  reader  (Oscar). 

The  reader  is  »el  up  ou  that  t*ne  count  equal*  slightly 
ie**  than  •  inch  drflecti<»n  on  the  g-ige  (et-«*rU  on.! 

the  reprodu.-ing  accuracy  ut  a  single  reodvr  i*  apptt.xi* 
ni«telv  •  1  .  .unlB.  '{ h’.'S  if  -i|.>ears  ihit  th.*  need  (..r  > 
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TABLE  C.l  BASELINE  CORRECTIONS,  SHOT  ^KISCILLA 


(1)  and  <2)  lr.<Hcato  aifriwU  ba— Utm  cholcti. 


C«s« 

A  Uncor 

A  Cor 

A  A 

A  Cor 

Ooetr 
Counts 
In  A  A 

V  Unoor 

V  Cor 

A  V 
VCor 

D  Uneor 

0  Cor 

AD 

D  Cor 

S 

8 

pet 

ft/MC 

Ii/mo 

pet 

ft 

h 

pel 

1V5 

3S3.T 

387.7 

l.M 

3 

28.7 

28.3 

8.34 

2.14 

0.683 

208. 

IV 10 

221.t 

228.8 

1.78 

3 

1.1.8 

14.8 

8.11 

0.288 

0.343 

13.1 

2V5 

1T4.S 

173.4 

3.17 

4.8 

10.7 

17.8 

14.88 

1.47 

o.ue 

180.2 

2V10 

150.S 

181.8 

0.87 

1.8 

18.8 

20.2 

2.88 

0.718 

0.864 

2S.S 

3VS 

120.8 

120.8 

0.27 

0.3 

18.1 

18.3 

1.18 

0.717 

0.838 

14.8 

3V10 

12f.S 

128.1 

0.22 

1 

13.3 

13.1 

1.80 

0.831 

0.588 

13.7 

4V1 

lSf.3 

188.3 

0.88 

1 

17.0 

18.8 

7.20 

0.888 

0.U4 

38.2 

4VS 

83.0 

84.7 

1.38 

2 

14.4 

18.3 

8.83 

0.543 

0.788 

28.3 

4V10 

38.S 

38.2 

1.88 

2 

10.1 

10.8 

7.13 

0.373 

0.821 

28.4 

4V20A 

48.0 

4C.G 

1.13 

8 

8.81 

7.84 

8.88 

0.32i 

0.4r8 

32.8 

4V30A 

3T.0 

38.1 

0.38 

2 

7.72 

7.82 

2.84 

0.348 

0.388 

11.1 

4VS0 

13.2 

13.8 

2.27 

3 

4.81 

4.88 

8.13 

0.221 

0.311 

28.8 

4V80A 

12.8 

12.8 

2.18 

8 

4.28 

4.88 

8.73 

0.207 

0.218 

28.4 

4H10 

14.2 

14.3 

1.08 

2 

1.27 

1.42 

11.1 

0.018 

0.078 

78.8 

4HS0 

8.00 

8.07 

0.10 

0.3 

0.880 

0.888 

0.88 

0.0!  1 

0.014 

... 

svs 

24.3 

— 

— 

.... 

— 

— 

SVIO 

18.T 

— 

... 

— 

•VI  (1) 

21.8 

21.8 

1.23 

1 

8.72 

8.12 

8.87 

0.300 

0.218 

37.8 

m 

21.8 

21.7 

0.34 

0.1 

8.72 

8.88 

2.83 

0.3a 

0.288 

18.4 

•VS  <l) 

18.T 

18.7 

0.08 

0.1 

8.08 

8.02 

0.83 

0.274 

0.287 

2.82 

<t) 

IS.? 

18,8 

0.33 

0.4 

8.08 

8.18 

2.17 

0.273 

0.307 

11.1 

•V20  <1) 

10.8 

10.8 

0.23 

0.2 

4.13 

4.07 

l.U 

0.322 

0.308 

8.23 

(S) 

U.8 

10.8 

0.20 

0.2 

4.13 

4.08 

1.37 

0.323 

0.307 

8.31 

•VSOA  U) 

0.80 

8.83 

1.32 

2 

3.81 

3.88 

8.78 

0.221 

0.275 

18.8 

in 

8.80 

8.87 

l.U 

2 

3.81 

4.08 

10.8 

0.230 

0.283 

24.8 

•V30 

•.48 

8.83 

0.84 

0.8 

3.48 

3.88 

2.78 

0.181 

0.214 

10.8 

•V3QA 

8.32 

8.40 

1.28 

3 

3.32 

3.U 

8.87 

0.1U 

0.308 

20.8 

•VSO  <1) 

Ltt 

2.72 

3.71 

4 

1.87 

2.30 

14.2 

0.128 

0.188 

28.0 

(2) 

2.82 

2.74 

4.39 

4 

1.87 

248 

18.4 

0.128 

0.112 

30.8 

OHIO 

1.30 

1.31 

0.83 

0.3 

0.383 

0.400 

4.38 

0.008 

0.008 

28.0 

SHSO 

2.83 

2.54 

0.71 

2 

0.877 

0.9i0 

4.81 

O.OiO 

0.023 

8.08 

TVS 

8.23 

8.U 

0.88 

1 

3.08 

234 

•.u 

0.378 

0.238 

87.3 

TVIOin 

4.84 

4.84 

0.08 

0.1 

1.80 

1.48 

0.80 

0.088 

0.080 

4.44 

<» 

4.84 

4.71 

1.31 

2 

l.M 

1.87 

10.11 

0.178 

0.184 

18.8 

Av«r»C9 

1.17 

1.8 

8.28 

32.20 
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Sitn«l  tfriv*!  OwttiM  «r 

•t  fcft 


Fifurt  C.l  Typical  vtlocity>ttma  wavo  forma  from  Typaa  a,  b,  or  c 
accaU  rat  ion -lima  wava  forma. 
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batHilInu  dhUt  In  Iho  IntcKratiun  proccdM  c;in  bo  trucud, 
with  Tow  cxcopttona,  to  roudlnK  errora.  Thia  fact  |NitN 
a  groat  omphaala  upon  uccurato  record  ruadti^,  if 
point'by-polnt  Integration  is  to  be  attumptud.  tt  is 
also  apparent  from  the  table  that  the  corrections  in 
terms  of  average  percent  of  peak  amplitude  wero 
smallest  for  acceleration  (1.17  percent),  larger  for 
velocity  (6.2S  percent),  and  largest  for  displacement 
(32.2  percent). 

In  some  cases,  particularly  on  records  obtained  at 
Stations  6  and  7,  two  independent  baseline  corrections 


wave,  for  tiamping  between  0.!i  and  0.6  critical,  tran¬ 
sient  pulsivs  are  rvpro«luced  fairly  well  fur  pulse  fre¬ 
quencies  of  one  sixth  the  gago  freriuency.  When  the 
pulse  frequency  becomes  equal  to  or  greater  than  one 
half  the  gage  frequency,  considerable  error  in  gage 
response  along  with  phase  distortion  may  be  expected. 
For  the  half  sine  pulse,  the  errors  are  approximately 
20  percent.  If  the  damping  ia  only  0.4  critical,  ovor- 
ahoota  of  SO  to  100  percent  occur. 

In  general,  the  frequency  responae  of  accelerom- 
etera  uaed  in  weapons  effects  experiments  has  In- 


OflOtlMO  flANGt  -rt 


Figure  C.3  Cempariseii  of  ERA  and  Wiancko  acceleromeUr  data, 
Tumbler  Shot  I,  S-fool  depth  (numbers  adjacent  to  daU  indicate 
accelerometer  natural  freqjutncies). 


were  made  and  the  integrationa  carried  througn  using 
both.  Deviations  la  psnk  velocity  from  the  two  choices 
vsriod  betwoen  2.S  sad  10.1  percent,  whereas  the  peak 
displacemenu  were  aepnraiad  by  as  much  as  41. S  per¬ 
cent.  The  largest  deviations  betwoen  the  two  lieMtline 
choices  were  observed  on  the  TVin  record;  It  la  prob¬ 
ably  more  than  eoiacidcnce  that  this  record  dlapiays 
the  Rwst  complex  wsve  form  due  to  ground  shock  sig¬ 
nals  from  remote  sources.  This  result  leads  to  the 
ceaclu»ion  that  integration  of  acceie ration-time  rocordi 
possesiing  complea  wave  forms  Invo!  os  a  good  deal  of 
judgnieat  and  is  nocessxnly  less  accurate  than  integra¬ 
tion  of  simple  records,  i.e. .  ihttse  with  iocsi  oflecis 
only. 

C.l  ISSTRUMKKT  HKSPONSt 

The  cumpivx  psilern  of  the  gruonU  scccicrsllons 
mskes  s  precl»e  statement  of  erior  doc  to  frequency 
rcB|«>n»e  inirsv’l.ibie.  A  (cw  gener^i  remarks  con  tjr 
math*,  htiovvcr.  for  simple  iiqfots  «o«  h  as  a  half  sim* 


creasod  markedly  since  Operation  Greenhouse.  The 
natural  frequency  of  acceleiMmelerr  used  on  Operation 
Jangle  varied  between  10  and  140  e.,  «.  (Reference  II). 
on  OiwraUon  Tumbler  between  10  and  110  cpe.  (Refer¬ 
ence  2).  and  on  Operation  Upshot -Kno;hole  all  vertical 
accelerometers  had  frequencies  of  4ft0  cps.  (Reference 
I).  In  the  latter,  the  frequency  response  was  lIrt'V' 
by  the  galvanometer  circuit  at  a  slightly  lower  vs.je. 
Shot  Priscilla  response  rharacterisiic..  were  simitar 
to  those  of  Operation  Ups  hut -Knot  hole. 

A  graphic  illusiraiion  of  inadequate  frequency  re¬ 
sponse  iS  found  in  the  comparison  of  ERA  accelerom¬ 
eter  results  (Refercitc-  21)  and  Wiancko  accelerometer 
results  on  Tumbler  (Reference  2).  LMA  accelerometers 
with  natural  frequencies  of  the  order  of  40  to  SO  cps 
were  u»ed  to  back  up  the  ;*nmsry  instrument  line. 

Figure  C.3  tumpaics  the  twu  sets  of  data  on  Tumbler 
Shot  I.  For  accvicratloofe  greater  than  S  g,  the  ERA 
equipment  faila  t*.  gi%e  sati»(actor)r  results. 
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Apptmlix  D 

SCALING  of  POSITIVE  OVERPRESSURE 
IMPULSE  and  DURATION 


FiKurfl*  D.t  and  D.2  praiMtAl  th«  major  portion  of 
avallatta  ttata  on  impulaa  and  duration  for  ovnrpraa- 
aur«a  (rvatar  than  lu  pai.  Aa  a  KUide  in  axtrapolatinf 
pravioualy  praaantcd  corralatlona,  fRafaranca  2S), 
raaulU  of  tha  thauratleal  aolution  for  tha  point  aourca 
axploaion  In  raal  air  (Raferanca  30)  ara  included  in  tha 
figuraa.  modlfiad  by  2W  theory  faur^aca  burata). 

Impttlaa  data  on  Priacllla  ara  In  agraamant  with  tha 
thauratleal  curve  at  high  praaauraa.  At  Intarmadlata 
prwaaiiraa  (lA  tA  IAA  pal)  maaaiirad  impuia*  ia  frnm  A 
to  SO  parcant  greater  (due  to  pracuraor  formation)  than 
2W  theory  pradicta.  While  It  la  undaralood  that  2W 
theory  doaa  not  apply  theoretically  to  air  burata.  it  la 
ballevad  that  Impulaa  raeultlng  from  2W  theory  will  bo 
a  lower  limit.  Impulaa  predictiona  uaed  throughout 
the  report  are  baaed  on  thia  poatulate.  applying  a  SO 
percent  correction  aa  an  upper  limit. 

Data  o«  duration  do  nut  follow  the  thuoratical  ealeu- 
latloea  for  ovarpraaauraa  greater  than  lOO  pal.  It  la 
euapected  that  thia  may  be  a  limliatlae  of  the  Inatruo 
mMtatkM.  In  order  that  Ihn  maaimura  ovarpraaaura 
deea  not  over-raage  the  gaue  or  recording  Inatruman- 
mien,  the  aenaltlvIQr  of  the  ayatem  mual  be  reduced 
at  high  proaauraa.  A  Chech  of  the  SRI  eyalam  indlcatea 
that  when  conaidaration  la  given  to  the  ahKoluie  accuracy 
of  reading  camera  racorda.  tha  accuracy  cf  reading 
preaauia  amounta  to  approximataiy  S  perctnl  el  the 
peak  ovarpraaaura.  Uaii^  thia  criurion.  dm  theorat* 
leal  duration  curve  haa  bean  cunatructad  lor  lb*  dura* 
Uoa  at  which  tha  ovarpraaaura  reached  S  parcan.  of  ila 
paah  value.  This  curve  davtatra  marhudly  from  ’’jO 
theoretical  phana  duration  (aaaociated  with  taro  ever* 
praaaura)  aa  the  praaaura  Incraaaaa.  However,  over 
fS  parcant  of  the  total  poaltiva  ovarpraaaura  Impulse 
la  Included  before  tha  ovarpraaaura  drops  to  S  parcant 
of  the  paali  evarpraaaura.  Hanca,  the  theoretical  curve 
of  rigure  0.2  ia  baliaved  to  ha  a  lagitimala  guide  to  the 
high  praasura  region  provided  alfowanca  *s  made  for 
tha  incraaaud  duration  of  the  poaitiva  phase  in  tha  10* 
to  l•A*pai  region  due  to  pravuraur  formation. 
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K*i^rc  Mwriiic^fciirc  U4rat*»’«  \«r»u»  |fer  *k  u»  ijm*  *  »ut». . 
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OtSiailUTION 

UtMmtf  Hintitluthtm  t'lirtnni  II 
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A,  94.  Am  9»9iMM  ■■«iiii1«  A1»rAiM  frw«u« 


•mAMMinI  tMWMi.  OmUiI  CM9«  tMt*AM  9vbA.«  f1. 
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99.  94. 

9>  MWAftAA  AfftMT.  Am  •MAAaaA  9m— wA  :«A..  A*. 
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AIR  rOJCf  ACTItlTira 

9?  Ai«litiwtt  for  Atoale  W'*ihtn»lvn  rs, 

D.C.  Arm:  DC3/0 

9j  S'*.  UOAF,  ATW?  Op*ritlon«  AnnlytU  ffftc*.  Offlcfi,  Vic* 
ChUf  of  Stuff.  W*«hlr4t«n  n,  9.  C. 

8fc-  85  Air  fore#  lnt«llt<inc«  CtnUr,  M.  rSAf,  AC3/r 
{MCn^m)  Wf»hln<t«i  2%  D.C. 
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115  Olraetcr,  Wa.>|»-tia  ;!yiitaa*  Braluailon  Croup,  Moo*  1X880, 

Tl.a  Fantaif.n,  Wanhliiijtrjn  55,  D.C. 

116*119  Cblaf,  Oafanaa  At'.ale  Support  Agancy,  waaMneton  55,  O.C. 
ATTI:  Ojcuaant  Library 

150  CoBBuindar,  Ftald  Conaand,  DASA,  Candta  Beat,  Albuquar^ua, 

I,  Mai. 
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ATOMIC  tnomr  ccmisitoi  actititibs 

130*135  U.S.  Atislc  Xnarror  Coanlialon,  Tacbnlcal  Library,  Uaihtng* 
ton  55,  O.C.  ATHi  For  WA 
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laadguartarc  laaerdi  and  Mall  Barrlca  Brandt,  O.B.  ABC, 
Vachlngtoa  25,  O.C. 

1U»  Weapon  Oita  Saetion,  Tachnlcal  Infamatlon  Barvlaa 
Iiter.ilon,  Oak  lldxt.  Tertn. 

1L5*179  Tac^.'tle»l  Inforsatl'.r.  BarvUe  IiteRilon,  Oak  IMca, 

Terjt.  (Burplui) 

‘atoittcial  oiBTBacnci 

IBO  8tar.ford  Ncaarclt  Initltute,  Menlo  Park,  Calif.  AlTlI: 

Mr.  I.  f.  Valle 
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Defense  Nuclear  Agency 

6801  Telegraph  Road 
Alexandria.  Virginia  22310*3398 


ERRATA  ,  14  September  1995 


MEMORANDUM  TO  DEFENSE  TECHNICAL  INFORMATION  CENTER 
ATTN:  OCD/Mr  Bill  Bush 


SUBJECT:  Change  of  Distribution  Statement 


The  following  documents  have  been  downgraded  to  Unclassified 
and  the  distribution  statement  changed  to  Statement  A: 


WT-1307,  AD-311926 
POR-2011,  AD-352684 
WT-1405,  AD-611229 
WT-1420,  AD-B001855 
WT-1423,  AD-460283 
WT-1422,  AD-615737 
WT-1225,  AD-460282 
WT-1437,  AD-311158 
WT-1404,  AD-491310 
WT-1421,  AD-691406 
WT-1304,  AD-357971 


WT-1305,  AD-361774 
WT-1303,  AD-339277 
WT -1408,  AD-344937 
WT-1417,  AD-360872 
WT-i348,  AD-362108 
W:’-1349,  AD-361977 
WT-1340,  AD-357964 


If  you  have  any  questions,  please  call  MS  Ardith  Jarrett,  at 
325-1034. 

FOR  THE  DIRECTOR: 


JOSEPHINE 

Chief 

Technical 


W&D 

Support 


ERRATA 


